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METABOLISM OF PESTICIDES 


Information concerning the fate of pesticides after application 
in the environment is useful to research workers who are concerned 
with their safe and effective use. It is important to know whether a 
compound will persist or whether it will be inactivated. Frequently, 
persistence is desirable for sustained control; for many uses, however, 
rapid detoxification of the compound may be desirable to avoid cumulative 
effects. 

Disappearance of pesticides takes place by leaching, volatilization, 
adsorption, decomposition, or metabolism; and the use to which a 
particular pesticide is best suited may depend on the effects of one 
or more of these processes. 

This review is primarily concerned with the metabolism and decomposition 
of pesticides. The importance of these processes is apparent upon 
consideration of the facts (1) that the duration of toxic action can 
be related to the rate and manner in which the compound is metabolized; 
(2) that the rate of elimination from the body is dependent upon the 
physico-chemical properties of the metabolic products; (3) that the 
ability of a compound to reach a site of action may be limited by the 
rate at which itis metabolized and the character of the metabolic 
products; and (4) that the toxicity of a compound can be decreased or 
intensified upon conversion to a metabolite. These points indicate the 
importance of knowing the pathways of metabolism as well as the degree of 
accumulation of metabolic products in tissue. From a more practical 


standpoint, the identification and measurement of residue levels 
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of pesticides and their metabolites is necessary in order to fully 
evaluate the effects of pest control programs on wildlife. 
Metabolic pathways can be classified into seven groups that 
cover the majority of biotransformations which pesticides undergo. 
These are: 
1. Oxidation (in the sense that oxygen, as hydroxyl, takes 
part or is postulated to take part in one or more of the 
steps.) 


(a) Hydroxylation of aromatic rings 


(b) Oxidation of side chains to alcohols, ketones, 
or carboxyl groups 


(c) Dealkylation from oxygen or sulfur (ether cleavage) 
(d) Sulfoxide formation 
(e) N-oxide formation 
2. Dehydrogenation and dehydrohalogenation 
3. Reduction 
4. Conjugation 
(a) Amide formation 
(b) Metal complex 
(c) Glucoside or Glucuronic acid 
(d) Sulfate | 
5. Hydrolytic Reactions 
(a) Cleavage of esters 


(b) Cleavage of amides 
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6. Exchange Reactions 

7. Isomerization 

Table I indicates the character of each of these reactions and 
gives illustrative examples of substances known to undergo each of 


the biotransformations indicated. 
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Table I 


Some Metabolic Reactions Common 
to Pesticides 


Pesticide which 
Pathway Schematic undergoes this 


reaction 


1. Oxidation 


! 
(a) Hydroxylation ray " 2,4-D 
OCH COOH > C CH;CooH 


(b) Side chain oxidation DDT 
<_ye 
OPO: 

ay Cl- Go 
(c) Ether cleavage 2,4-D 

CH;COoH — ach 
(d) Sulfoxide formation R-S~-CH3 ean Phorate 

8) 
N-(CH3) 9 A-(ciy) , | 

(e) N-oxide formation R-O-P ~ R-O-P Schraden 


~ 
“N-(CH3) 9 N-(CH3) 5 


CT 


Table I (cont) 


Pesticide which 


Pathway Schematic undergoes this 
reaction 


2. Dehydrogenation and ‘“ 
dehydrohal ti - 
si i 

fN 


Ci Ct 
3. Reduction R-NO} > RNH, DNOC 
4. Conjugation 
et 9 
(a) Amide formation R-NH, +R" -COOH > R-N-C-R' Amitrole 
(b) Metal complex Ry -N+MeX - (R,N-Me) X Amitrole 
(c) Glucoside and Glucuronic 
Acid R-OH+Glucuronic Acid ~ R-OCH Barthrin 


0 


a i 
(d) Sulfate ROH+SQ, ~ il a 
0 


Biphenyl 


9T 


Pathway 


ia 


Hydrolytic 


(a) Cleavage of esters 


(b) Cleavage of amides 


Exchange Reactions 


Isomerization 


Table I (cont) 


Schematic 


O 
il rT 
R-C-OR' —- R-C-OH+HOR' 


OH 0 
ff i 
R-C-N-R' = R-C-OH+R' -NH, 


S 
i oe 
R-O-P-(OR), - R-O-P-(OR) 5 


R-O-P-(OR) , = R-S-P-(OR) , 


Pesticide which 
undergoes this 
reaction 


Malathion 


Dimethoate 


Parathion 


Most 
Organophosphates 


Acethion (0,0-diethyl S-carboethoxymethylphosphorodithioate) 


Degradation of acethion was rapid and 77-88% of the injected 
dose appeared as chloroform extractables within 0.5 hr. after 
treatment (Perry, 1960a). Chromatographic separation and analysis 
showed the principal metabolite to be acethion acid. Some mono- 
and diethyl phosphorodithioic acids were also found (O'Brien et 


al., 1958; Krueger et al., 1960). 


S O | S O 

| y 7 ¥ il 4 
(C5H,0) 9 -P-S-CH “CL (C9H50) 2-P-S-CHy -C. 

OCyHs OH 
Acethion Acethion Acid 

t 

S S 

| “uw 
(C,H.0) 9-P-SH a CjH,0~-P-SH 

OH 
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Aldrin, Dieldrin, Isodrin, Endrin 


Aldrin was readily converted to dieldrin in the body of beef and dairy 
cattle, pigs, sheep, rats, and poultry (Bann et al., 1956). This change 
was independent of the mode of entry, since it occurred following oral in- 
gestion or subcutaneous injection. 

When aldrin “146 was fed to male rats (Kunze and Lang, 1953; Ludwig et 
al., 1964; Christensen, 1965) or orally injected into male and female rats 
(Heath and Vandekar, 1964), the active material excreted in feces and urine 
consisted of aldrin, dieldrin, and considerable amounts (up to 75% in feces 
and up to 95% in urine) of a mixture of unidentified hydrophilic metabolites. 
At a feeding level of 4.3 mcg per day, a saturation level was reached after 
about eight weeks. Daily excretion of active material approximated the en- 


14 and 13% 


tire activity administered daily. If injected, 16.2% of aldrin-C 
of dieldrin-c!4 was excreted within four hours, via the bile into the intes- 
tinal canal, mainly as hydrophylic compounds (Morsdorf et al., 1963; Korte 
et al., 1963). Recent studies with rat livers showed that this epoxidation 
was performed by the microsomes (Wong and Terriere, 1965). 

Paper chromatography of extracts of feces and urine showed a high per- 


ut initially. The percentage of unchanged aldrin then 


centage of aldrin-C 
decreased while that of hydrophylic metabolites increased continuously for 
about 12 days; and the distribution of excreted compounds remained unchanged 
as long as aldrin was administered daily. After aldrin administration was 
discontinued, the relative percentage of aldrin in feces decreased and diel- 


drin increased (Kunze and Lang, 1953; Ludwig et al., 1964). Paper and thin- 


layer chromatography showed that two different compounds were in the feces; 
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that two different compounds were in the urine; and that one of the compounds 
in feces behaved like one of those in the urine. Hydrolysis of the main 
compound from urine with alcoholic KOH gave a new acidic compound (Ludwig 

et al., 1964). When rabbits were given aldrin intravenously, hydrolysis of 
the metabolites gave the aldrin diol (Korte et al., 1963). 

Dieldrin was administered internally to rats as a single dose of 20 
mg/kg body weight. During the first 8 days, unchanged dieldrin was ex- 
creted in urine. Within the following 4 days, a product of dieldrin was 
excreted. Of the dieldrin administered 15.7% was excreted within 14 days 
in the feces (Rusiecki and Ochynski, 1964). Other feeding studies with rats 
have also shown that dieldrin is metabolized to two compounds more polar 
than dieldrin and unstable to alcoholic KOH (Datta et al., 1965). 

When labeled dieldrin was administered to a rabbit via stomach tube, 
six metabolites were isolated and purified via thin-layer chromatography. 
The main metabolite was identified as one of the two enantiomorphic isomers 
of 6,7-trans dihydroxy-dihydro-aldrin, with a specific rotation of a= -13.7. 
Identification was confirmed by gas dietnaeeiedastie. After intravenous ad- 
ministration of this compound in rats, a more hydrophylic compound was 
found which corresponded to one of the other five compounds found after diel- 
drin administration. It was postulated that a carbonyl group was present 
(Korte and Arent, 1965; Ludwig and Korte, 1965). 

Urine of men with occupational exposure to dieldrin gave evidence that 
dieldrin was eliminated in humans as at least two neutral, polar, chlori- 
nated metabolites, thus'far unidentified (Cueto and Hayes, 1962; Fletcher, 


1959). 
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Application of aldrin to the American cockroach resulted in partial con- 
version to dieldrin (Giannotti et al., 1956). Similarly, tests with locusts 
(Cohen and Smith, 1961), houseflies and mosquito (Aedes Aegypti) larvae 
(Korte et al., 1962; Korte and Stiasni, 1964; Bowman, 1964; Perry et al., 
1964; Gerolt, 1965) showed that labeled aldrin was converted to dieldrin and 
hydrophylic compounds. The sulfur and bromine analogs of dieldrin (s?° and 
pre2 labeled, respectively) also were shown to be partly metabolized to 
water-soluble and insoluble compounds (Winteringham and Harrison, 1959). 

The conversion of aldrin to dieldrin has been found to occur in soil 
(Bollen et al., 1958; Gannon and Bigger, 1958a; Kiigemagi et al., 1958; 
Lichtenstein and Schulz, 1959, 1960; Korte et al., 1962; Wilkinson et al., 
1964) and on plants (Gannon and Decker, 1958a) in general. In 1956, it was 
found that carrots grown in aldrin-treated beds contained dieldrin (Glasser, 
1956). Similarly, peanuts grown in an aldrin-treated bed contained dieldrin 
residues in the hulls, meat, and vine forage (Beck et al., 1962). 

Using molds (Aspergillus niger, Aspergillus flavus, Penicillium nota- 
tum, and Penicillium chrysogenum), labeled insecticides were applied to 


growing cultures. Except for dieldrin, where no conversion could be de- 


tected, considerable amounts of metabolites were found that were more 
hydrophylic than the toxicant applied (Korte et al., 1963). 


When isodrin 14 was applied topically to houseflies, the corresponding 
epoxide endrin and small amounts of a water-insoluble product which be- 
haved as the ketone, a known rearrangement product of endrin, were recovered 
(Brooks and Harrison, 1963). Endrin was not formed in tissues of heat- 


killed insects. Similarly, isodrin was converted to endrin by the American 


cockroach (Periplaneta american L.) (Giannotti, 1958). 
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Allethrin and Pyrethrins 


Studies have suggested that metabolic pathways for pyrethrins 
and allethrins differ and also that detoxification mechanisms in house- 
flies and roaches differ. 

Initially, it was suggested that decomposition of pyrethrins was 
caused by hydrolytic enzymes. Subsequent studies have shown that 
lipases of roaches and houseflies readily hydrolyze pyrethrin esters 
to keto alcohols, chrysanthemum acids, and several unidentified 
compounds (Woke, 1939; Chamberlain, 1950; Zeid et al., 1953; Winter- 
ingham, 1952a). Some 8-12% of labeled pyrethrin applied to roaches 
was excreted as cl4o,. When applied to houseflies, no cl4o, was detect- 
ed (Winteringham et al., 1955b; Hopkins and Robbins, 1957; Chang and 
Kearns, 1964). Chrysanthemum acid and five unknown metabolites were 
detected. Three of the unknown metabolites had intact chrysanthemum 
acid moiety and an ester linkage. Cinerin I (Chang and Kearns, 1964) 
behaved similarly but differed quantitatively. Thus, it appears that 
initial degradation occurred on the pyrethrolone or cinerolone moiety. 

When pyrethrin I was administered as an anthelmintic, color 
tests on urine of humans indicated the presence of chrysanthemum 
monocarboxylic acid (Audiffren, 1934). Studies with rats suggested 
that barthrin (6-chloropiperonyl chrysanthemumate) was metabolized and 
excreted in urine as metabolites, free and conjugated, having a strong 
reducing effect on Benedict's reagent (Ambrose, 1963; Masri et al., 


1964). Residues from urine gave a positive test for chrysanthemumic 
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acid, for methylene oxide linkage, and for glucuronic acid before and 
after hydrolysis. Tentatively, it was concluded that barthrin in rats 
was metabolized and excreted in the urine as chrysanthemumic acid, 
6-chloropiperonylic acid, and partly as the 6-chloropiperonyl gluc- 
uronide or glycine conjugate. Similar results were obtained with 
Dimethrin (2,4-Dimethylbenzyl chrysanthemumate) (Ambrose, 1964; 
Masri’ et al., 1964). 

The synergist piperonyl cyclonene inhibited the detoxification 
of pyrethrin more than that of allethrin. c-14 jJabeled allethrin 
was metabolized in large part to a polar compound with the same R¢ 


as allethrolone (Hopkins and Robbins, 1957). 
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6-Chloropiperonuric Acid 
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American Cyanamid 12008 
(0,0-Diethyl S-isopropylithiomethy lphosphorodithioate) 


This compound is almost identical with thimet and appears to follow 


a metabolism route similar to thimet (Bowman and Casida, 1957). 
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Amiben (3-Amino-2,5-dichlorobenzoic acid) 


Large amounts of amiben were taken up by soybeans but the herbicide 
disappeared rapidly. Most of the remaining amiben, present as a con- 
jugate, could be released by alkaline hydrolysis. Similar results were 
obtained with tomato plants (Colby, 1964). In recent studies with 
soybean plants, Glycine Max (L.) Merr, and barley, Hordeum vulgare L., 
the N-glycoside of amiben was isolated. Other metabolites were also 
indicated (Colby, 1965). 

Studies with soil microflora indicated that breakdown of amiben 
occurred (Rauser and Switzer, 1962) and that the carboxyl was cleaved 
slowly but steadily (MacRae and Alexander, 1965). Other studies showed 
that amiben underwent photo-chemical alteration when exposed to light 


from sun lamps (Sheets, 1963). 
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Amitrole (AT, ATA, 3-AT, Aminotriazole) (3-Amino-1,2,4-triazole) 


Labeled amitrole (3-amino-1,2,4-triazole-5-cl4y was fed to rats. 
Analysis for radioactivity showed only traces of ci4 in expired air. 
Seventy to ninety-five percent of the activity appeared in the urine within 
24 hours as two unidentified metabolites and unchanged amitrole (Fang et al., 
1964b). Feces contained small variable amounts of activity. After the 
first ‘day, most internal organs exhibited some activity. No free amitrole 
was found in the liver. 

Studies have been conducted with amitrole applied to plants (Castel- 
franco and Brown, 1963a; Castelfranco et al., 1963; Onley and Storherr, 
1963) but metabolites were not identified. Other studies indicated that 
amitrole was activated to form a free radical, which was then capable of 
reacting with amino acids (Carter and Naylor, 1960, 196la, b; Herrett and 
Bagley, 1964; Herrett and Linck, 1961; Miller and Hall, 1961). Complexes 
of amitrole and alanine, glycine, or serine have been reported (Carter and 
Naylor, 1959; Margoliash et al., 1960; Margoliash and Schejter, 1962; 
Massini, 1959, 1963; McWhorter, 1963; Naylor, 1964; Rogers, 1957a, b; 
Carter, 1965). Infrared absorption spectral analyses and biochemical studies 
have also indicated that an amine glucoside is formed (Ercegovich and 
Frear, 1964; Frederick, 1961; Frederick and Gentile, 1960a, b, 1961; 
Gentile and Frederick, 1959). Studies showed that the amitrole-glucoside 
could be phosphorylated by yeast (Frederick and Gentile, 1962). 

Recent studies showed that the reproductive and vegetative structures 


of the bean plant, Phaseolus vulgaris, differed in their metabolism of 


27 


amitrole. Vegetative parts formed stable complexes with the parent com- 
pound, whereas young reproductive organs cleaved the ring structure of 
amitrole and incorporated the carbon into common biochemical compounds 

such as glucose, sucrose, fructose, and other compounds (Shimabukuro and 
Linck, 1965). Bean plants also transferred large quantities of cl4 from 
serine-U-c!4 to 3-amino-1,2,4-triazolyl-l-alanine (3-ATAL) in both light and 
dark studies. Carbon from alenine-U-c glyoxalate-u-c!*, and formate-c!4 
also entered 3-ATAL but the percentage of conversion was far greater for 
serine. Yeast (Saccharomyces cerevisiae) did not form 3-ATAL from 3-AT in 
72 hours of incubation. 

Toxicity of amitrole has been correlated with chemical analyses and 
it was found that biological response is proportional to the amount re- 
coverable from soils (Frederick, 1961; Sund, 1956). Studies have shown that 
amitrole not only partakes in the soil's base exchange system but that it 
also tends to form complexes with metals (Day et al., 1959, 1961; Castel- 
franco, 1960; Ercegovich and Frear, 1964; Naylor, 1964). 

The major metabolic product formed from amitrole by microbiological 
activity was carbon dioxide. At least thirteen additional unidentified 
compounds were also formed (Ashton, 1963; Riepma, 1962). E. coli converted 
3-ATA into a metabolite, 3-amino-1,2,4-triazolyl alanine. This was incor- 
porated into cellular protein (Williams et al., 1965). Studies with yeast 
showed that imidazolegiycerol phosphate accumulated, presumably because of 


histidine biosynthesis inhibition (Hilton and Kearney, 1965; Klopotowski 


and Hulanicka, 1963; Weyter and Broquist, 1960). 
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Barban (4-Chloro-2-butynyl N-(3-chlorophenyl) carbamate) 


After treatment with barban, plants formed a water-soluble 3-chloro- 
aniline compound. Related carbamates were found to form similar products. 
Another metabolite detected, also in a bound state, was 2-chloro-4-amino- 


phenol (Riden and Hopkins, 1962). 


oH NH 
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3-Chloro- " Ct Barban Aminophenol 
Aniline 
Bayer 73 (Ethanolamine salt of N-(2-chloro-4-nitrophenyl) -5-chlorosalicyl- 


amide) 


Following oral adminis tration of labeled Bayer 73 to rats, there was 
still 55% of activity present after one hour and 10% after five hours. 
About 33% of the applied activity appeared in the urine and 67% in the 
feces. Within 24 hours after administration, storage in tissue of rats 
was less than 1 ppm. Only 12% was detected in the urine of humans that 
injested the material. 

Unchanged active ingredient was excreted in the urine of rats in 
very small amounts as a conjugate. The main metabolite, N-(2-chloro- 
4-aminobenzene) -5-chloro-salicylamide, was also excreted in the urine 


in a conjugated form (Duhm et al., 1963). 
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Bayer 22408 (0,0-Diethyl O-naphthalimido phosphorothioate) 


32 
Pp “-labeled Bayer 22408 was applied dermally as a 0.5% emulsion to 


Holstein cows. The intact insecticide was found in the milk for 6 days. 
The oxygen analog was not found in milk but constituted the predominant 


non-hydrolyzed product in the feces (Buttram, 1964). 
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Bayer 25141 (0,0-Diethyl O-p-methylsulfinylphenyl phosphorothionate) 


Bayer 25141 underwent slow oxidation in air to form the sulfone 
0,0-diethyl O-p-methylsulfonylphenyl phosphorothionate. In addition to 
this, the characteristic isomerization of phosphorothionates to phosphoro- 
thiolates also occurred, 

Metabolism studies with roaches have indicated dheipiecene of the 
isomeride and sulfone of Bayer 25141 and the S-ethyl isomer of the 


sulfone (Benjamini et al., 1959a, b). 
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Bayer 39007 (o-Isopropoxyphenyl N-methylcarbamate) 


Incubation of Bayer 39007 with rat liver microsomes gave rise to about 
seven metabolites. Of these, one was identified as o-isopropoxyphenyl N- 
hydroxymethylcarbamate; another may be the p-hydroxyl analog of Bayer 39007; 
and the others remain unidentified. Similar results were obtained by exposing 
this compound to roaches and houseflies. When fed to humans, Bayer 39007 
was recovered from urine almost quantitatively as o-isopropoxyphenol, 
probably excreted as the glucuronide (Dawson et al., 1964). 

Plants apparently converted Bayer 39007 into a water-soluble fraction 


which has not been identified (Dorough and Casida, 1964). 
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Y-BHC (Lindane) (gamma 1,2,3,4,5,6-Hexachlorocyclohexane) 


Radiochemical methods used to study the fate of y-BHC in flies showed 
that no respired gases contained cl4, Although most of the radioactivity 
could be extracted by carbon tetrachloride, an unextracted residual activity 
remained in both resistant and normal flies. In addition to pentachloro- 
cyclohexene, some water-soluble metabolites were found (Bradbury and 
Nield, 1953; Bradbury and Standen, 1955, 1958; Bradbury, 1957; Bridges, 
1959; Openoorth, 1954; Sternberg and Kearns, 1956; Ishida and Dahm, 1965b). 
Other studies indicated, however, that the first step in the metabolism 
of y-BHC was the removal of one chlorine atom and the formation of a 
C-S bond, followed by loss of additional chlorine atoms and the formation 
of all six isomers of dichlorothiophenol (Bradbury and Standen, 1959; 

Sims and Grover, 1965). 

When y-BHC was fed to dairy cows (Ware and Gilmore, 1959), no 
pentachlorocyclohexene was found in the milk. Studies with dogs, rabbits, 
and rats indicated a rapid breakdown of BHC into 1,2,4-trichlorobenzene 
and other compounds of unknown structure (Coper et al., 1951; van Asperen 
and Oppenoorth, 1954; San Antonio, 1959; Bronisz et al., 1962; Koransky 
et al., 1964). When labeled q- and y-BHC was administered to rats intra- 
peritoneally, a high concentration of radiating material was present in 
the central nervous system. Both isomers were dechlorinated in vivo and 
converted to water soluble compounds which were excreted by the kidneys 


(Koransky et al., 1963). In rats, urinary excretion reached a peak on 
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the 5th to 8th day after administration and BHC was not detected after 
17-18 days (Rusiecki et al., 1963). A single oral administration of 

50 or 100 mg of y-BHC/kg body weight of rats increased levels of total 
glucuronic acid excreted in urine during 14-15 days by a daily average 

of 1.5 mg, and organic sulfur compounds by 35-38% during 13-14 days. Thin 
layer and silicic acid column chromatography showed undecomposed y-BHC 

and 2 metabolites in urine and liver for 14 days after administration of 
the BHC (Rusiecki and Bronisz, 1964). 

ae and d -1,3,4,5,6-pentachlorocyclohexene-1 were metabolized by 
rat and liver microsomes in the presence of NADPH, and 0» (Ishida and 
Dahm, 1965a). In other studies, y-BHC and y-2,3,4,5,6-pentachlorocyclohex- 
l-ene were converted by rats into 2,3,5- and #4 evichlovoptionsl and 
excreted in urine as free phenols, sulfates, and glucuronic acid conjugates. 
2,4-Dichloromercapturic acid was also isolated (Grover and Sims, 1965). 
The products found in these studies resemble those in the metabolism of 
1,2,4-trichlorobenzene in rabbits (Jondorf et al., 1955) and it would 
appear that the metabolism of y-BHC proceeds via y-2,3,4,5,6-penta- 
chlorocyclohex-l-ene to 1,2,4-trichlorobenzene. 

Experiments with plants were inconclusive but the data indicated 
pentachlorocyclohexene as a metabolite (Bogdarina, 1957; San Antonio, 
1959). In soil, lindane broke down rapidly to a non-toxic compound of 
undetermined structure (Bradbury and Whitaker, 1956; Lichtenstein and 


Schulz, 1959). 


35 


When cattle dips were imitated in the laboratory by combining soil, 


feces, urine, and extracts of scrapings from cattle hides, the y-isomer 


was lost much more rapidly than other isomers. 


Using the bacteria 


Clostridium sporogenes or Bacillus coli found in such mixtures, BHC 


gave rise to traces of benzene in seven days as well as monochlorobenzene 


and 1,2,3,5-tetrachlorobenzene (Allan, 1955). 


decoloratus, gave rise to S-(2,4-dichlorophenyl)glutathione (Clark et al 


1966). 
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Bidrin (3-Hydroxy-N,N-dimethylcrotonamide dimethyl phosphate) 


SD 9129 (3-Hydroxy-N-methylcrotonamide dimethylphosphate) (N-methyl bidrin) 


Using p>*-labeled bidrin and rats, 83% of the recovered activity after 
injection was in the form of dimethylphosphate after 20 hours. Metabolites 
were excreted rapidly. Within 24 hours, 83% of the injected dose had been 
excreted. Extensive oxidation occurred with the formation of hydroxymethyl 
bidrin and N-methyl bidrin. Subsequent hydrolysis gave rise to dimethyl- 
phosphate, bidrin acid, desmethyl bidrin acid, monomethylphosphate, and 
finally inorganic phosphate. Hydrolysis of bidrin itself gave rise to des- 
methyl bidrin (Bull and Lindquist, 1964). 

When administered orally to rats, 63-71% of the p32 was excreted in 
48 hours. No marked sex or compound differences were noted. Most of the 


radioactivity was excreted in urine within 6 hours. An additional 5-67 
appeared in the feces within 48 hours following treatment. Residual p32 


in the tissues did not vary with sex. An additional 12% was recovered as 
clo, within 48 hours after treatment of male rats with bidrin-N-methy1-c!4 


(Menzer, 1965; Menzer and Casida, 1965). 


Significant amounts of N-hydroxymethylamide analog of SD 9129 appeared 
following administration of either bidrin or SD 9129 while the N-methyl-N- 
hydroxymethylamide compound was present only following bidrin treatment, 
and the unsubstituted amide only following SD 9129 treatment (Menzer and 


Casida, 1965). 


Goats treated orally with bidrin or SD 9129 excreted in the urine a 
high proportion of the administered p32 or N-methy1-cl4 labels. Trace 


amounts of bidrin, SD 9129, the N-hydroxymethylamide analog of SD 9129, 
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and the unsubstituted amide were present in the urine (Menzer and Casida, 
1965). Labeled compounds appeared in the goat milk after treatment with 
either P22 or cl4-1abeled bidrin or SD 9129. No N,N-dimethylacetoacet - 
amide, N-methylacetoacetamide, or 3-hydroxy-N,N-dimethylbutyramide was 
present in the milk and the nature of the C!4 materials remained unknown. 
The major organoextractable P32 material in the milk following both bidrin 
and SD 9129 treatment was SD 9129. Traces of the N-methyl-N-hydroxy- 
methylamide and the unsubstituted amide were also present (Menzer and 
Casida, 1965). 

Urinalyses on dogs, mice, and rabbits, as well as on rats and goats, 
indicated that species variation existed in the rate at which bidrin-P22 
was metabolized and the extent of metabolite excretion in the urine (Menzer 
and Casida, 1965). 

Adult boll weevils and fifth-instar bollworm larvae were treated with 
labeled bidrin. Metabolites recovered were similar to those recovered 
from rats (Bull and Lindquist, 1964). Houseflies and American cockroaches 
rapidly metabolized bidrin and SD 9129 to form the N-hydroxymethyl and 
N-demethylated derivatives detected in urine and milk. Comparatively 
large amounts of the N-hydroxymethylamide compounds were detected in flies 
treated with bidrin or SD 9129 alone but they were absent from extracts of 
flies treated with the toxicant plus sesamex; and only minute amounts of 
SD 9129 were detected in flies treated with bidrin plus sesamex (Menzer 
and Casida, 1965; Hall and Sun, 1965). 

When cotton plants and leaves were treated with bidrin, initial 


detoxification included hydrolysis of the vinyl-phosphate bond to form 
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dimethylphosphate and N,N-dimethylacetoacetamide; cleavage of a methyl- 
phosphate bond to form desmethyl bidrin and methanol; and hydrolysis of 
the amide bond to form bidrin acid and dimethylamine. One plant 
metabolite was not identified, leaving a gap in the metabolic path of 
bidrin in plants (Bull and Lindquist, 1964). 

After injection into the stems, bidrin-P32 and SD 9129-p32 were 
rapidly translocated in bean plants and persisted for several weeks under 
greenhouse conditions. Half-life values for bidrin and SD 9129 were 9 
and 14 days respectively. Administration of bidrin yielded SD 9129 end 
traces of the N-methyl-N-hydroxymethylamide. SD 9129 was identified by 
I. R. Following SD 9129 administration, traces of the mono-N-hydroxy- 
methylamide and the unsubstituted amide were present at 8 days but only 
SD 9129 was present after 20 days (Menzer and Casida, 1965). 

The same pathway occurs, at least in part, in all organisms tested. 
The relative amounts of the metabolites were dependent on the experimental 
organism and the administered compound. In hen eggs injected with bidrin, 
all products except the N-methyl-N-hydroxy methylamide of bidrin were 
detected (Menzer and Casida, 1965). 

In moist soil, bidrin leaches readily and breaks down rapidly 


(Corey, 1965). 
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Biphenyl and 4-Chlorobiphenyl 


After rabbits ingested biphenyl or 4-chlorobiphenyl, 64% and 65%, 
respectively, was accounted for in the urine primarily as the correspond- 
ing glucosiduronic acid and smaller amounts of phenols and ether sulfates. 
From the urine, 4-hydroxybiphenyl and 4-biphenyl glucosiduronic acid 
were isolated and identified after ingestion of biphenyl. After ingestion 
of 4-Chlorobiphenyl, 4-(p-Chlorophenyl) phenol and the corresponding 
glucosiduronic acid were also isolated from the urine. The ethereal sulfates 
were not identified (Block and Cornish, 1959). In the urine of the rat, 
4-hydroxy-, 4,4'-dihydroxy- and 3,4-dihydroxybiphenyl and their conjugates 
and biphenylmercapturic aeaarwehe found (West et al., 1956). 

Liver microsomal preparations from New Zealand white rabbits converted 
biphenyl into 2- and 4-hydroxybiphenyl (Mitoma et al., 1956). Other studies 
with rabbits, indicated that the 4-isomer and practically no 2-isomer 
were formed (Creaven et al., 1965). The extent of 4-hydroxylation varies 
with species, being poor in cat and trout and high in mouse and coypu. 
Ability to form 2-hydroxybiphenyl is almost absent in livers of adult 
rabbits and rats, guinea pigs, hens, trout, and fox. Livers of mice, 
hamsters, cats, coypus, frogs, and young rabbits and rats form measurable 


amounts of the 2-isomer (Creaven et al., 1965). 
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Botran (2,6-Dichloro-4-nitroaniline) 


Botran was strongly fixed in clay soils and was not completely 
extracted from treated soils. It was slightly water soluble and 


leached only slowly (Groves, 1965). 


1-Bromochlordene 


Corn borers metabolize this compound to the corresponding epoxide 


(Murphy et al., 1965). 


Captan (N-Trichloromethylthio-4-cyclohexene-1,2-dicarboximide) 


The intercellular breakdown product of captan, thiophosgene, is 
capable of inhibiting certain enzyme systems that have iseatnaxyines as a 
coenzyme (Duggar et al., 1959; Horsfall and Rich, 1957; Kittleson, 1952; 
Lukens and Sisler, 1958). Captan reacted with sulfhydryl compounds, in 
general (Owens and Blaak, 1960; Sisler, 1963). Products of the reaction 
with cysteine were cystine, tetrahydrophthalimide, hydrogen sulfide, 
carbon disulfide, 2-thiazolidinethione-4 carboxylic acid, and HCl. The 
trichloromethylthio group and thiophosgene were apparently intermediates 
in the formation of 2-thiazolidine-4-carboxylic acid. Although captan 
did not appear capable of reacting with other than sulfhydryl groups, the 
trichloromethylthio group of thiophosgene released from captan by sulfhydryl 


groups was apparently capable of reacting with amino, hydroxyl, sulfhydryl, 
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and possibly other groups. Histidine and serine reacted with thiophos- 
gene, to form UV-absorbing compounds (Lukens and Sisler, 1958). 
cs, and H,§ are evolved from thiophosgene in aqueous suspensions. 
These two gases were also evolved when captan reacted with cysteine in 
aqueous or alcoholic solutions. The formation of CS») from captan or from 
thiophosgene probably involved a di-(thiophosgene) intermediate. A 
compound with the melting point of di(thiophosgene) was isolated from 
aqueous solutions of thiophosgene. CS5, but not HS; was evolved when 
yeast cells were treated with captan. 
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CDAA (a-Chloro-N,N-diallylacetamide) 


Plant metabolism studies of CDAA-C!4 indicated that this compound 
was degraded into co, and glycollic acid with subsequent incorporation 
of the label in all fractions (Jaworski, 1964). CDAA also reacted with 


sensitive sulfhydryl groups (Hannah, 1955; Jaworski, 1956). 
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CDEC (Vegedex) (2-Chloroallyl-N,N-diethyldithio-carbamate) 


Plants were able to metabolize the 2-carbon of the allyl group as 
cl4o,, One of the primary metabolities of the 2-chloroallyl moiety was 
lactic acid. Distribution of radioactivity, as shown by using 2 dimen- 
sional chromatography, indicated that almost all amino acids were labeled 
with cl, with the highest attivity in asparagine, histidine and glut- 


amine (Hannah, 1955; Jaworski, 1964). 


S H., -CH 
ry as 4 
CHy=C-CHy shal CH3-CH-C. 
CH, -CH 
Cl 20e"3 on | «(OF 
CDEC Lactic Acid 
CH»=C-CH 20H Amino Acids 
( 
Cl 
2-Chloroallyl Alcohol 
or 
0 0 S CH, -CH 
f 
H-& + Sc-cHy -8-C-NC 2 ° 
OH HO CH, -CH, 


2(Diethylthiocarbamyl) Acetic Acid 


2 pe CH3-CH2 
HC. + HO-CH “ + CS» + 
OH OH CH3-CH) 


Glycolic Acid 


47 


Chlordane (Chlordan) (1,2,4,5,6,7,8,8-Octachloro-2,3,3a,4,7,7a-hex- 
hydro-4, 7-methanoindene) 

Very little is known about the metabolic fate of chlordan, probably 
because it is not a pure chemical but is composed of at least five coupounde 
(Davidow, 1950). | 

Studies with Wistar rats that received an intravenous dose of 
a-chlordan-c!4 showed that 29% of the total injected ugiroadaeiwe ty was 
excreted within 60 hours in feces and that only 1% was excreted in urine. 
Analyses showed that 75% of the radioactivity found in the feces were 


hydrophilic metabolites (Poonawalla and Korte, 1964). 
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2-Chloro-N-Isopropylacetanilide 


Ring tritiated 2-chloro-N-isopropylacetanilide was taken up rapidly 
by corn and soybean plants. Metabolism was rapid and no intact herbicide 
was detected in the seedlings five days after planting in treated soil. 

A water soluble metabolite containing a carboxy group and an N-isopropyl- 


aniline moiety was the main detoxification product (Jaworski and Porter, 1965). 


N-(3-Chloro-4-methylphenyl -2 methylpentamide 


This compound prevented uptake of cl4o, but the mechanism or metabolism 
involved is unknown. Substituted anilides, in general, inhibit the Hill 
- reaction and some have been shown to form lignin complexes (Colby and 


Warren, 1962). 


2-Chloro-6-trichloromethylpyridine 


Studies were conducted with labeled 2-chloro-6-trichloro-methyl - 
pyridine and golden cross Bantam corn, Imperator carrots, New York Special 
lettuce, Pearson tomatoes, and unnamed oats. Fractionation and chromatography 
showed that the principal metabolite was 6-chloropicolinic acid (Redemann 
et al., 1965). After feeding 2-chloro-6-trichloromethylpyridine to a dog, 


N-(6-chloropicolinyl) glycine was isolated and identified (Redemann et al., 


1966). 
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p-Chlorophenyl p-Chlorobenzenesulfonate 


53° -labeled p-chlorophenyl p-chlorobenzenesulfonate was hardly 
decomposed in eggs and adults of the citrus red mite. When injected 
into the abdomen of the American cockroach, decomposition of this acaricide 
gave rise to p-chlorobenzenesulfonic acid. In citrus sapling and soybean 
seedling, p-chlorophenyl p-chlorobenzenesulfonate penetrated into the 
plant and was decomposed to p-chlorobenzenesulfonic acid and other 


compounds (Tomizawa, 1960a). 
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Ciodrin (a-Methylbenzyl-3-hydroxycrotonate dimethyl phosphate) 


A study of the absorption, elimination, and metabolism of orally 
administered p22 labeled ciodrin in a lactating ewe indicated moderate 
absorption and rapid elimination. Dimethyl phosphoric acid accounted 
for 61-90% of the radioactivity in the urine. Several other metabolites 
were noted but not identified. Similar results were obtained when the 


experiment was repeated with a lactating goat (Chamberlain, 1964a, b). 
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crIPpc (Chloropropham) [Isopropyl N-(3-chloropheny1l) carbamate] 
CEPC [2-Chloroethy1-N-(3-chlorophenyl) carbamate] 
PC (Propham) [Isopropyl N-phenylcarbamate] 


First order rate constants in terms of reciprocal time and heat of 


activation (H,) were derived for IPC and CIPC (Burschell and Freed, 1959). 


re) -1 





r°C k (day ~4) H, 
2 
IPC 15 4.67 x 10, 7,768 
29 8.79 x 10 
CIPC 15 4.25 x 1073 21,247 
29 2.39 x 10 





When app lied to plants, IPC was metabolized to the corresponding 
>N-OH analog (Baskalov and Zemskaya, 1957). 

In recent studies a bacterium, Pseudomonas sp., was found in soil 
that hydrolyzed phenylcarbamate herbicides to the corresponding aniline. 
While this is a general reaction for the phenylcarbamate esters, urea 
analogs were not hydrolyzed (Kearney and Kaufman, 1965a, b; Kearney, 
1965). 

Pseudomonas striata, a flavobacterium, an agrobacteriun, and an 
achromobacter were able to degrade CIPC, as demonstrated by production of 
3-chloroaniline and subsequent liberation of chloride. An achromobacter 


and an arthrobacter were able to degrade CEPC (Kaufman and Kearney, 1965). 
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Citicide (Polychlorinated turpentine) 


When citicide was fed to rats, a portion passed through the alimen- 
tary canal unabsorbed and was excreted in the feces. In urine, very little 
citicide was excreted; however, chloride excretion was very high. Ethereal 
sulfate and glucuronic acid excretion was also significantly higher in 
citicide-fed animals than in controls. Mercapturic acid excretion of test 
animals was not significantly different than that of controls. Since 
halogenated aromatic hydrocarbons are detoxified in the liver via ethereal 
sulfate and glucuronic acid conjugates, it is quite probable that in- 
creased levels of these materials indicated detoxification processes of 
citicide (Krishnamurphy et al., 1960). 

No citicide was found in the body fat and liver but chloride levels 
were higher than those for controls. This indicated the storage of metab- 


olites in the body fat. None have been isolated thus far. 


Colep (0-Pheny1l-0'-[4-nitropheny1] methylphosphonothionate) 


The major portion of the radioactivity after administration of colep- 
cl4 to rats was found in the urine within 24 hours. Liver and kidney 
contained little radioactivity after 24 hours, indicating that detoxification 
and excretion was nearly complete. No measurable activity was incorporated 
in the abdominal fat nor released as co, - 

The predominant excretory conjugate in mammals fed low levels of 
phenol was phenylsulfuric acid (Williams, 1959). This type of compound 


was probably the strongly acidic metabolite found in the urine. After acid 


hydrolysis of urine samples, phenol was released. 
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After colep was applied to plants, the oxon analog was found in small 


amounts. The major amount of activity was apparently conjugated. Studies 





with acid and emulsin hydrolysis indicated the presence of phenyl B- 
glucoside and an a-glycoside. Another fraction contained phenyl sulfate. 
Acid hydrolysis of benzene, chloroform, and water extracts converted 

75-80% of the radioactivity to phenol for both cotton and apple, thus showing 
the association of the radioactivity with phenol-containing materials 


(Marco and Jaworski, 1964). 
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Coral (Bayer 21/199, Muscatox) (0,0-Diethyl-0-[3-chloro-4-methylum- 
belliferone] phosphorothioate) 


Dermal administration of coral-p?2 to rats gave two peaks of radio- 


activity in the tissues. The first peak appeared between 4 and 6 hours 
following administration; the second, 4 to 7 days later. ‘Two thirds of the 
excreted material appeared in the urine within 28 days, compared with four 
fifths within 18 days of subcutaneous and 14 days of oral administration 
(Lindquist et al., 1958; Krueger et al., 1959a; O'Brien and Wolfe, 1959). 

Four metabolites were detected in the urine. During the first 96 
hours after oral treatment, diethyl phosphorothioic acid constituted 50 - 
80% of excreted radioactivity; phosphoric acid, 10 - 20%; diethyl 
phosphoric acid, 10 - 20%; de-ethylated coral and/or its oxygen analog, 

5 - 30%. Following subcutaneous administration, only three metabolites 
were found. There was diethyl phosphorothioic acid but no phosphoric 
acid. After dermal treatment, none of the de-ethylated derivatives were 
found. Phosphoric, diethyl phosphoric, and diethyl phosphorothioic acids 
appeared in about equal proportions (Lindquist et al., 1958; O'Brien and 
Wolfe, 1959; Vickery and Arthur, 1960). 

After subcutaneous administration, 17% of the radioactivity in the 
feces appeared to be coral or its oxygen analog. Oral and dermal admin- 
istration resulted in an increase to 50 - 60%. When the oxygen analog 
was orally administered, 10% appeared as diethyl phosphoric acid and 40% 


as the de-ethylated analog in the urine with 24 hours (O'Brien and Wolfe, 


1959). 
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p?*. labeled coral was applied dermally to a cow and a goat. Unex- 


tractable residues were significant in tissues of both animals. Hydrolysis 
products were below the limit of sensitivity of the method. Many tissues, 
particularly fat, contained considerable radioactivity that appeared to be 
the oxygen analog of coral. The peak blood level of radioactivity for the 
cow occurred at 6 days; for the goat, at 6 hours and then again at 5 days. 
Cow cholinesterase continued to drop for seven days but recovered by the 
end of two weeks (Kaplanis et al., 1959a; Krueger et al., 1959a; Robbins 
et al., 1959). 

Most of the radioactivity appearing in the urine was as hydrolysis 
products. Some of the oxygen derivative of coral was found in the initial 
(up to 6 hours) collections but thereafter hydrolysis products were pre- 
dominant: 35% phosphoric acid, 17% diethyl phosphoric acid, 29% diethyl 
phosphorothioic acid, and 18% as the de-ethylated coral or its oxygen 
analog. Fractionation of the feces gave coral and its oxygen analog, 
primarily. Results obtained from the study with the goat were similar to 
those of the cow (Kaplanis et al., 1959a; Krueger et al., 1959a; O’Brien 
and Wolfe, 1959; Radeleff and Claborn, 1960). 

When Rhode Island hens were fed mash containing labeled coral, consid- 
erable more radioactive material appeared in the yolk than in the white or 
shell of eggs. The peak of radioactivity in the eggs appeared 11 to 15 
days after the beginning of the treatment and was present as long as 6 
to 8 days after return to normal diets. The decline in tissue residues 


was not paralleled by an increase in egg residues. From feces both coral 
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and the oxygen analog, mono- and diethyl phosphoric acids, and diethyl 
phosphorothioic acid were isolated. There was evidence also that some 
coral was completely degraded to phosphoric acid and subsequently in- 


corporated into natural phosphorus containing metabolites (Dorough et 


al., 196la,b). 
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Coumarin (1,2-Benzopyrone) 


A bacterium isolated from soil metabolized coumarin to L-tyrosine 
in the culture medium (Levy and Weinstein, 1964a, b). In other studies, 
coumarin was converted to 7-hydroxycoumarin by Penicillium (Bellis, 1958). 
Additional studies have indicated that a-coumaric acid and melilotic acid 
were intermediates in the degradation of coumarin. A similar pathway in 
animals was suggested by experiments with rats (Booth et al., 1959) and 
rabbits (Booth et al., 1959; Furuya, 1958a, b; Mead et al., 1958). 

Urine from rabbits administered coumarin (I) was collected and 
examined for coumarin metabolites. 3-Hydroxycoumarin (II), 7-hydroxy- 
coumarin (III), both free and as glucuronate conjugates (IV) and 
sulfate (V), and a trace of 8-hydroxycoumarin (XXIII) were detected. 

A small amount of o-coumaric acid (XIV) was detected in the free form 

and as the glucuronide. o-Coumaric acid was partially reduced, forming 
melilotic acid (XX), and cyclized to form dihydrocoumarin (XXII). Traces 
of o-coumaroylglycine (XIX) formed from o-coumaric acid, (Furuya, 1958a; 
Mead et al., 1958). When o-coumaric acid was administered to rabbits, 
melilotoylglycine (XXI), o-coumaroylglycine (XIX), umbelliferone (III), 
and 4-hydroxycoumarin (7) were detected in the urine (Furuya, 1958b). 

In other studies, o-hydroxyphenylhydracrylic acid (XV), o-hydroxyphenyl- 
acetic acid (XVII), and o-hydroxyphenyllactic acid (XVI) were also detected. 
Similar findings were obtained with rats (Booth et al., 1959). In 
addition to the 3-, 7-, and 8-hydroxycoumarins, which are excreted in 
conjugation, the ferret, guinea pig and mouse also excrete 5-hydroxy- 


coumarin (XI) (Mead et al., 1958). 
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In sweet clover, coumarin is rapidly converted to melilotic acid 
and its glucoside (Kosuge and Conn, 1959). It was postulated that 
coumarin was reduced to dihydrocoumarin and the the pyrone ring was 
then opened to form melilotic acid. An enzyme was subsequently 
partially purified from sweet clover which catalyzed this ring opening 


(Kosuge and Conn, 1962). 
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2,4-D (2,4-Dichlorophenoxyacetic acid) and related compounds 


In feeding studies of 2,4-D with dairy cows and steers (Lisk et al., 
1963; Gutenmann et al., 1963a,b; Bache et al., 1964a,b), 2,4-D was found 
unchanged in the urine only. No evidence of beta-oxidation was found. 
Similar findings were obtained with sheep. Ninety-six percent of an 
orally administered dose of 2,4-p-cl4 to a sheep was excreted unchanged 
in the urine in 72 hours and slightly less than 1.4% in the feces. Very 
little residual radioactivity was found in edible tissue (Clark et al., 
1964). Cows fed 2,4,5-T and silvex excreted both as soluble salts in their 
urine. Kuron was hydrolyzed to silvex prior to elimination (St. John 
et al., 1964). 

Treatment of lemons with cl4 labeled 2,4-D isopropylester indicated 
that the ester was hydrolyzed and that part of the 2,4-D then reacted with 
some plant constituent to form an ester-like complex. Ester-like residues 
were also found after treatment with the sodium, Ha givatoteceines or 
triethanolamine salts (Erickson and Nield, 1962; Erickson et al., 1963). 
Hydrolysis (Crafts, 1960; Morre and Rogers, 1960) and decarboxylation 
(Edgerton and Hoffman, 1961; Basler, 1964) of 2,4-D by other plants has 
also been shown. 

Plants are capable of hydroxylating phenoxyacetic acids (Wilcox et al., 
1963; Thomas and Loughman, 1963). When bean plants were treated with 
2,4-D, three compounds were found (Crosby, 1964). One corresponded roughly 
to that of 2,4-dichloroanisole; one was a water-soluble, ether-insoluble 


ester derivative; and the third, an ether-soluble compound with a basic 
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structural change. The methyl derivative was less volatile than 2,4-D 
methyl ester, but more volatile than the 5-hydroxy-2,4-D methyl ester. 
It might be one of the other two hydroxy derivatives; however, 6-hydroxy- 
2,4-D was not detected (Holley, 1952; Jaworski and Butts, 1952: Jaworski 
et al., 1955; Evans and Smith, 1954; Bach, 1961). 

The free acid has been recovered from bean and corn plants after 
treatment with 2,4-D butoxyethanol and propylene glycol butyl esters 
(Hagen et al., 1949; Fang et al., 1951; Fang and Butts, 1954; Hay and 
Thimann, 1956; Szabo, 1963). On cotton, cucumbers, beans, and grain sorghum, 


labeled 2,4-D gave rise to ct 


“0, (Holley et al., 1950; Weintraub et al., 
1952a,b). Pea and tomato plants have also been studied (Fang, 1958). In 
young leaves and bolls of cotton, material chromatographically different 
from 2,4-D was formed. Sorghum converted 2,4-D to a complex different 
than that found in cotton (Morgan, 1963; Nencki and Giacosa, 1880; Weintraub 
et al, 1950, 1952a,b, 1953, 1954, 1956; Slife et al., 1962). 

Amino acids have been implicated in the formation of some compounds, 
as in the case of 2,4-dichlorophenoxyacetylaspartic acid (Andreae and 
Good, 1957; Bach and Fellig, 1961). Evidence indicates that 2,4-D moves 
through plants as a protein complex, which can be recovered after aqueous 
extraction and NaOH hydrolysis, into the roots where most of the degradation 
occurs (Canny and Markus, 1960). Glucose esters have also been suggested 
(Klambt, 1961; Crosby, 1964). Recent studies have shown that glucoside 
complexes are formed. From stem tissues of oats (Avena sativa), 1-0- 


(2,4-dichlorophenoxyacetyl)-8-D-glucose was isolated (Thomas et al., 1964b), 


and from stems of the kidney bean (Phaseolus vulgaris), the 2,5- and 2,3- 
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dichlorophenoxyacetic acid glucosides have been obtained (Thomas and 
Loughman, 1964a). 

Degradation of compounds related to 2,4-D has also been studied 
(Wain, 1954). MCPB gave rise to MCPA when fed to dairy cows (Bache et al., 
1964a, b, c). In laboratory tests, bluegill (Lepomis gibbosus) converted 4- 
(2,4-DB) to 2,4-D (Gutenmann and Lisk, 1965). When 4-(2,4-DB) was fed 
to dairy cows, however, 2,4-D was not found, although it does not decompose 
in the rumen. The major portion of 4-(2,4-DB), therefore, is presumably 
degraded by a mechanism other than 8-oxidation (Lisk et al., 1963; 
Gutenmann and Lisk, 1963c). In silage (Linscott and Hagin, 1963; Linscott, 
1964), timothy, birdsfoot trefoil, or pea plants (Fertig et al., 1964), 
decomposition of 4-(2,4-DB) has been shown to proceed by 8-oxidation. It 
also has been shown that related compounds could be degraded by a- and 
8-oxidation in plants (Levey and Lewis, 1947; Fawcett et al., 1954, 1958; 
Moore and Rogers, 1960). y-(2,4,5-Trichlorophenoxy)butyric acid was 
metabolized to its acetic acid derivative in wheat but not in pea stems 
(Balayannis et al., 1965b). P 

The biotransformation of 2,4-dichlorophenoxyalkanoic acids and related 
compounds by soil microflora has been extensively studied (Audus, 1949, 
1950, 1951, 1952b; Audus and Symonds, 1955; Newman and Thomas, 1950; 
Steenson and Walker, 1956; Byrde et al., 1956, 1957, 1958; Jensen and 
Peterson, 1952; Evans and Smith, 1954, 1957; Fawcett et al., 1954; Webley 
et al., 1955, 1957, 1958; Bell, 1957; Henderson, 1957; Thomas and Loughman, 
1957, 1963; Faulkner and Woodcock, 1961; Thiegs, 1962; Clifford and Woodcock, 


1964). Phenoxyalkanoic acids with an even number of carbons in the fatty 
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acid were converted by f-oxidation to products with an even number of 
carbons (Levey and Lewis, 1947; Webley et al., 1955, 1957, 1958; Gutenmann 
et al., 1964a, c). A second mechanism involved cleavage of the ether linkage 
(Canny and Markus, 1960; MacRae et al., 1963a b, 1964; Audus, 1964; 
Bocks et al., 1964). 

Evidence has been obtained that 2,4-D is dissimi lated by a variety 
of microorganisms (Reid, 1960; Alexander and Aleem, 1961) through 2,4- 
dichlorophenol and 4-chlorocatechol and that MCPA is dissimilated through 
4-chloro-2-cresol (Audus, 1952b). MCPB was degraded by the bacteria 
Nocardia opaca via crotonic and B-hydroxy acid to 2,4-D (Webley et al., 
1957, 1958). A product from the degradation of 2,4-D by bacteria of the 
genus Pseudomonas has been identified as B-chloromuconic acid. A second 
species of Pseudomonas gave rise to a-chloromuconic acid (Fernley and Evans, 
1959). Pure cultures of a Nocardia species and an Achromobacter strain 
of bacteria rapidly degraded 2,4-D and the presence of 2,4-dichlorophenol, 
chlorohydroquinone, a monochlorophenol, an unchlorinated phenol, and three 
other unidentified compounds have been demonstrated (Newman and Thomas, 
1950; Audus, 1951; Bell, 1957, 1960; Steenson and Walker, 1957, 1958; 
Faulkner and Woodcock, 1961; Taylor and Wain, 1962). The main product of 
2,4-D metabolism by the mold Aspergillus niger van Tiegh was 2,4-dichloro- 
5-hydroxyphenoxyacetic acid. By means of infrared and mixed melting points, 
a second metabolite was identified as the 2,5-dichloro-4-hydroxyphenoxy- 
acetic acid - the first time such a rearrangement was reported (Faulkner 
and Woodcock, 1964, 1965). Another unidentified acid, not the 3- or 6- 


hydroxyacid, was also found. Under similar conditions, MCPA gave rise to 
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2-methyl-4-chloro-5-hydroxyphenoxyacetic acid (Faulkner and Woodcock, 
1964, 1965). Studies with 4-(2,4-DB) showed that it is detoxified by 
Flavobacterium sp. (MacRae and Alexander, 1965), releasing chlorine and 
cleaving the ring (Burger et al., 1962). 

In natural surface waters, 2,4-D, its salt and i-propyl or butyl 
esters, were hydrolyzed by microorganisms to 2,4-D acid and the corre- 
sponding alcohol (Aly and Faust, 1964). Under the influence of ultra- 
violet, aqueous solutions of 2,4-D sodium salt gave rise to 2,4-dichloro- 
phenol, and subsequently to 4-chlorocatechol. Complete dechlorination and 
polimerization followed (Hansen and Buchholtz, 1952; Tutass and Crosby, 
1965). In the presence of riboflavin, compounds containing more than one 
aromatic nucleus were probably also formed in addition to 2,4-dichloro- 
phenol. Products differed according to the original pH and concentration 


of the treated solution (Bell, 1956; Hansen and Buchholtz, 1952). 
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Dalapon (2,2-Dichloropropionic acid) 


When dairy cows were fed dalapon, less than 1% of the ingested 
dose appeared as residues in the milk, mainly as unchanged dalapon but 
with traces of dalapon glycerides (Kutschinski, 1961). 

Tracer studies with da lapon-2-c14 and 136 showed that dalapon was 
absorbed, translocated, and accumulated in higher plants as the original 
molecule or dissociable salt and might remain non-metabolized for long 
periods (Blanchard et al., 1960; Foy, 1959a, b, 196la, b, c, 1962a; 
Andersen et al., 1962a; Leaure, 1962). A small amount of decomposition occur- 
red slowly and resulted in release of 136 or incorporation of ae into 
other compounds. Tests with tissue homogenates did not indicate 
metabolic incorporation of dalapon into insoluble macromolecules. Some 
indication of dehalogenation was indicated on chromatograms (Foy, 1959b, 
1961c). Propionic acid, which could arise through such reactions, 
competes with B-alanine in pantothenic acid synthesis. Studies have 
shown that dalapon does, in fact, inhibit pantothenate synthesis (Hilton 
et al., 1959). 

Labeled dalapon was metabolized by some species of microorganisms 
(Jensen, 1957; Hirsch and Alexander, 1960; Reid, 1960). Five new c136- 
labeled compounds were found, of which two were identified as inorganic 
136 and monoch loropropionate-C1?° (Foy, 1959b, 196lb,c). Using 
Arthrobacter sp., labeled dalapon gave rise to pyruvate (Kearney et al., 
1964). In other studies, eight bacteria isolated from soil were capable of 
decomposing dalapon. Six were tentatively classified as agrobacteria and 


two as pseudomonas (Magee and Colmer, 1959). 
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: Anything affecting soil microbial populations may affect persistence 
of organic herbicides. Organic matter, pH, and cation exchange capacity 
are important factors affecting microbial decomposition of dalapon 


(Holstun and Loomis, 1956; Kaufman, 1964). 
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DDP (di-n-propyl-2,2-dichlorovinyl phosphate) 


Enzymatic studies with chymotrypsin have shown that DDP phosphorylated 
protein without releasing acid. At the same time, dichloroacetaldehyde was 
liberated (Jandorf, 1956). Studies with DDVP have shown that the aldehyde 
may then be metabolized to the saturated alcohol and conjugated as the 


glucuronide. (See DDVP). 
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DDT (1,1,1-Trichloro-2,2-bis[ p-chloropheny1] ethane) 
DDD (TDE, Rhothane) (1,1-Dichloro-2,2-bis[chlorophenyl] ethane) 
Kelthane (1,1-bis[p-chlorophenyl] -2,2,2-trichloroethanol) 

Detoxification has long been considered a major factor in the 
defense of insects against the lethal action of DDT. This concept was 
strengthened by the isolation of DDT-dehydrochlorinase, a glutathione 
dependent enzyme (Lipke and Kearns, 1959, 1960; Miyake et al., 1957; 
Sternberg et al., 1954). In many insects this system catalyzed the 
degradation of p,p'’-DDT to p,p'-DDE or the degradation of p,p'-DDD to its 
corresponding ethylene derivative (Abedi et al., 1963; Babers and Pratt, 
1953a; Babers and Roan, 1953; Bull and Adkisson, 1963; Lindquist et al., 
1951; Perry et al., 1950, 195la, b, 1953a, b, 1955; Sternberg et al., 
1952a, b, 1950a, b, 1953; Tahori and Hoskins, 1953; Schecter, 1945; Lipke 
and Chalkley, 1964; Brown and Perry, 1956; Fletcher, 1952; Hoffman and 
Lindquist, 1952; Ofnmer and Calvery, 1945). o,p*DDT was not degraded. 

An alternate biotransformation in the fruit fly (Drosophila melano- 
gaster) gave rise to the hydroxy analog of DDT (Tsukamoto, 1959, 1960, 
1961; Menzel et al., 1961). Similarly, tobacco hornworm and the cockroach 
degraded TDE to its hydroxy analog (Gatterdam et al., 1964). It was also 
found that topically applied DDA was rapidly converted to several uniden- 
tified compounds by the hornwomm and the milkweed bug (Ferguson and Kearns, 
1949). In cockroach tissue, some TDEE was found after exposure to TDE 
but the major metabolite was 4,4'-dichlorobenzophenone (Gatterdam et al., 


1964). This compound has also been identified in tissues of insects 


exposed to DDT. When third-instar larvae of Triatoma infestans were 
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topically treated with pot-c!4, two metabolites were detected, kelthane and 
a compound that behaved like 4,4'-dichlorobenzohydrol. The latter also 
appeared after tipical treatment with kelthane (Agosin et al., 1964). 

Cockroaches metabolized DDT to DDE (Robbins and Dahm, 1955; Cochran, 
1956; Hoskins et al., 1957) and a water soluble compound which, upon acid 
hydrolysis, could be completely extracted by ether in 4 hours (Vinson and 
Kearns, 1952; Butts et al., 1953). This led to speculation that the water 
soluble material was a conjugate composed of a DDT metabolite and possibly 
a carbohydrate. Similar results were obtained with labeled DDT and house- 
flies (Terriere and Schonbrod, 1955). Some studies indicated that metabolism 
of DDT might not always proceed through DDE. Using a DDT-resistant strain 
of the human body louse (Perry and Buckner, 1958a), it was found that DDT 
was metabolized to a water soluble compound that behaved like p-chloroben- 
zoic acid. In subsequent studies, DDT was metabolized to dichlorobenzo- 
phenone (DBP) via DDA or to DDE (Perry and Buckner, 1963). Investigations 
have shown that DDT may be metabolized by insects to as many as 7 metabolites, 
in addition to DDE, most of which are more polar than DDT. All remained 
unidentified (Lindquist and Dahm, 1956; Hoskins and Witt, 1958). 

From mammals fed or exposed to ‘DDI (Stohlman and Smith, 1945; White 
and Sweeney, 1945; Spicer et al., 1947; Carter et al., 1949; Mattson et al., 
1953; Cueto et al., 1956; Hayes et al., 1956; Rothe et al., 1957), DDE, 

DDA, and 4,4'-dichlorobenzophenone have been isolated and identified. 
Using por-c!4, DDE has been found in both bile and feces (Burns et al., 
1957; Jensen et al., 1957). DDA, both complexed and free, has also been 


found. Stability to alkaline hydrolysis and negative qualitative tests 
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indicated that the complex was not a glucuronide but did suggest an amide 
linkage, such as in hippuric acid. 

A pathway for the metabolism of DDT in rats (Finley and Pilmore, 
1963; Datta et al., 1964; Klein et al., 1964; Peterson and Robison, 
1964) and yeast (Kallman, 1963) has been proposed on the basis of studies 
with DDT and related compounds. These studies indicated DDD as an 
intermediate. A phenolic compound was also implicated (Morello, 1965). 
Studies suggested that the major fecal products in rats consisted of DDA 
conjugated with cholanic acid or amino acids (Jensen et al., 1957). After 
administration of p,p'-DDT in oil and p,p'-DDA in water to rats via stomach 
tube, a conjugate of p,p'-DDA was isolated from feces and urine. This 
conjugate contained one molecule each of serine and aspartic acid together 
with 8 molecules of water of hydration per molecule p,p’-DDA. 

The presence of four other metabolites was also indicated, possibly 
identical with 

1) p,p'-dichlorobenzhydrol 

2) p,p'’-dichlorodiphenylmethane 

3) p,p'-dichlorobenzophenone 

4) DDE 

(Pinto et al., 1965). 

Other studies have indicated that DDD appears in those samples which 
are permitted to decompose some time after sacrifice and not in those 
samples analyzed immediately (Barker and Morrison, 1964). An isolate, 


Proteus vulgaris, from a mouse intestinal flora converted DDT to DDD 
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(Barker et al., 1965). This organism, commonly found in the gut of mice 
and other animals, quickly invades dead tissue and could be assumed to be 
an agent, if not the sole one, in the conversion of DDI to DDD in animals 
exposed to DDT. DDD, in turn, was metabolized by Proteus vulgaris to 
three compounds: 1) 1,1'~bis-(p-chloropheny1) ~2-chloroethane; 2) 1,1'- 
bis-(p-chloropheny1l)-ethane; 3) 1,1'-bis-(p-chlorophenyl-2-chloroethylene; 
(Barker and Morrison, 1965). 

The latter compound was also obtained from bullhead fish (Bridges 
et al., 1963). Recent studies showed that bovine rumen fluid was capable 
of converting DDT to DDD (Miskus et al., 1965), and that bacteria from the 
intestines of flies (Stomoxys calcitrans L.) converted DDI to DDE and DDD 
(Stenersen, 1965). 

Still another pathway was indicated by studies with the Rhesus monkey 
(Durham et al., 1963). When fed DDT, monkeys did not store easily detect- 
able DDE, in contrast to the situation in man and the rat. However, when 
DDE was fed, the monkey accumulated DDE. Since all three species excreted 
some DDA, it must be assumed that DDA can be produced without DDE as an 
intermediate metabolite. Recent studies have also shown that, when o,p'-DDT 
was fed to rats, a biological isomeric transformation of o,p'-DDT to p,p'-DDT 
occurred (Klein et al., 1965). 

Investigation showed that DDT was susceptible to ultraviolet action 
and could undergo decomposition to the benzophenone analog (Fleck, 1949). 

In aqueous media and in the presence of reduced porphyrins, DDI is converted 


to DDD (Miskus et al., 1965). 
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TDE was converted to TDEE in tobacco smoke. TDE, TDEE, and DDA were 
found in the urine of New Zealand Red rabbits that had been exposed to 
cigarette smoke containing labeled TDE. In the fat, vital organs, and 
other tissues, TDE and TDEE were found (Bowery et al., 1965). 

Recent studies showed that the DDI-resistant mosquito Culex tarsalis 
Coquillett degraded TDE to DDA, bis(p-chlorophenyl) methanol (DBH), and 
p-chlorobenzoic acid (Plapp et al., 1965). 

Some light -has been thrown on the possible mechanism involved in the 
conversion of DDT to DDD. Iron porphyrin complexes are present in all 
aerobic organisms. When dilute solutions of Fe" porphyrins (FeD) were 
exposed to DDT at room temperature, the porphyrin complex was rapidly 
oxidized. The rate of oxidation of Fett by DDT was estimated from the 
slopes of concentration vs. time plots at various initial concentrations 


of reactants. DDT obeyed the rate expression 
rate = ky (rettp]2 ppt] 


and k3 was found to be ca. 3 x 10/1.2/mole*/ min. (Castro, 1964). 
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DDVP (Vapona) (2,2-dichlorovinyl dimethyl phosphate) 


Using whole homogenates of rat and rabbit tissues, the course of 
metabolism of DDVP-P24 was followed. In liver, kidney, spleen, and adrenal 
glands, the principal metabolite was dimethyl phosphate (50-85%). The 
remainder appeared as O-methyl 2,2-dichlorovinyl phosphate, monomethyl 
phosphate, and inorganic phosphate. In plasma, 98-100% of the DDVP 
hydrolyzed was accounted for as dimethyl phosphate. When dimethyl phosphate- 
p?? was incubated with liver homogenates or plasma, all radioactivity was 
recovered as unchanged dimethyl phosphate. In the presence of a rat liver 
soluble preparation, DDVP was degraded to dichloroacetaldehyde and some 
dichloroacetic acid. The aldehyde was reduced to the corresponding 
alcohol which was excreted as the glucuronide. Similar results were obtain- 
ed with a rat, cow, and goat following oral or intraperitoneal administration 
(Casida et al., 1962; Hodgson and Casida, 1962). 

Studies with houseflies have shown that dipterex is converted to DDVP 


which in turn is degraded to dimethyl phosphate and dichloroacetaldehyde 


(Metcalf et al., 1959). 
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Delnav (2,3-p-Dioxanedithiol S,S-bis[0,0-diethyl phosphorodithioate]) 


When applied dermally to cattle, delnav was absorbed into the blood 
rapidly and the peak level of radioactivity was reached in 3 hours; whereas, 
in orally treated animals, it occurred in 12 hours. Blood radioactivity 
persisted at least one week after application. The radioactivity pattern 
of the urine followed that of the blood (Chamberlain et al., 1960). 

Chromatography autoradiography showed that diethyl phosphoric, 
diethyl phosphorothioic, and diethyl phosphorodithioic acids were the 
major products of hydrolysis. Cis and trans delnav, dioxane derivative, 
and three unknown compounds were also found. A highly polar compound 
present at the origin point in the chromatography of the urine was presumed 
to be phosphoric acid, (Arthur and Casida, 1959). Analyses showed that 


technical delnav, with 76.3% as trans or cis, was present in the omental 


fat. 
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Demeton (Systox, Bayer 19639) 


(I) 0,0-Diethyl S-ethyl-2-thioethyl phosphorothiolate (also known 
as Isosystox or Demeton S) 


(II) 0,0-Diethyl O-ethyl-2-thioethyl phosphorothioate (also known 
as systox thiono isomer or Demeton 0) 


I (C>9H50) Jb: cue oegees “cas Yes 
II Ceveeone heaves teeta dem 


Investigations of the two isomers have been carried out by use of ps2 
radiotracers, by chromatography, and by infrared spectrophotometry. The 
data obtained showed that these isomers were metabolized in the same manner 
in fruits, beans, and cotton. Seven days after application of demeton 0, 
only traces of the isomer were present. All radioactivity on the chroma- 
tograms corresponded to the sulfoxide and sulfone (Metcalf et al., 1954, 
1955; Jucker, 1958; Niessen et al., 1962). Demeton O also underwent 
isomerization in plants and gave rise to three unidentified compounds 


(Hartley, 1952a; Henglein and Schrader, 1955; Muhlmann and Tietz, 1956). 


With mice, the administered dose is rapidly absorbed, metabolized, 
and eliminated. Only 6% or less was found in the stomach after 1 to 2 
hours; and, after 4 hours, it has almost entirely disappeared from these 
tissues. Small amounts passed through the intestines but most was 
eliminated in the urine rather than the feces. The major site of degra- 
dation was the liver and degradation continued until elimination in the 


urine (March et al., 1955). 
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In gross aspects, the biochemical mechanisms in mice, cockroaches, 


and plants were similar. Major differences were concerned with rates 


of metabolism and degradation; and, as expected, rates were greater in 
the mammal than in the insect and greater in the insect than in plants. 
The routes of metabolism and the metabolites, however, were the same in 


each case. The principal metabolic path for both isomers was the oxi- 


dation of the 2-ethylthio ether to the sulfoxide and sulfone. In the 
case of demeton O, a secondary path involved oxidation of P=S to P=0 
with subsequent oxidation to the sulfoxide and sulfone (March et al., 
1955). 

Investigations with demeton-S have. shown that thin films undergo 
rapid conversion to more hydrophilic compounds when exposed to air and 
light. Following application to plants, demeton-S rapidly gave rise to 
at least three metabolites, two of which persisted for as long as 15 
weeks. Using chromatographic techniques, two of the compounds were 


identified as the corresponding sulfoxide and sulfone (Fukuto et al., 


1955; Heath et al., 1955; Thomas and Glynne-Jones, 1955; Thomas et al., 


1955; Thomas, 1956). 
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DEP (Falone,2,4-Dichlorophenoxyethyl phosphite) 


In the presence of moisture, DEP underwent hydrolysis with formation 
of inorganic phosphate and 2,4-dichlorophenoxethanol. This could then 


undergo oxidation to 2,4-D (Feldman, undated; Sheets and Danielson, 1960). 
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DFP (Diisopropoxyphosphoryl fluoride) 


Studies showed that a DFPase was present in mammals and that it was 
capable of splitting the P-F bond and releasing HF. Phosphorylation of the 
serine moiety of the enzyme occurred simultaneously, (Mazur, 1946; Mazur 
and Bodansky, 1946; Nachmansohn, 1947; Jansen et al., 1949; Kilby, 1953; 
Mounter et al., 1953; Mounter, 1954; Augustinsson, 1954; Augustinsson and 


Casida, 1959). 
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Diazinon (0,0-diethyl 0O-[2-isopropyl-4-methyl1-6 pyrimidiny1] phosphorothioate) 


Studies with mice and insects have been conducted. The only metab- 
olite identified was the P = O analog (Robbins et al., 1957; Gysin and 


Margot, 1958; Krueger et al., 1960; Forgash et al., 1962). In cows, the 


diethylphosphorothioic and phosphoric acids were found (Robbins et al., 1965). 
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Dibrom (1,2 dibromo -2,2-dichloroethyl dimethyl phosphate) 


Adult male rats were treated with dibrom-P32 in corn oil by stomach 
tube. Within a day, high activity appeared in the bone. 


-p32 to a cow, urine yielded p32_ 


After oral administration of dibrom 
metabolites chromatographing in the position of inorganic phosphate, mono- 
and dimethyl phosphate, and O-methyl 2,2-dichlorovinyl phosphate, DDVP, 
dichloroacetaldehyde, dichlorobromoacetaldehyde. Studies indicated that 
dibrom reacts with sulfhydryls and that certain complex amino acid conjugates 


of the degraded products are also formed (Casida et al., 1962; Kohn et al., 


1960). 
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Dicamba (Dimethylamine 2-methoxy-3,6-dichlorobenzoate) 


Dicamba moved readily in soil-water, suggesting limited adsorption 
(Friesen, 1965). 
Recent studies indicated that dicamba inhibited pantothenate synthesis 


at the level of conversion of ketopantoate to pantoate (Hilton, 1965). 


ie 
CH,-C - C-cOoO™ 
Ie tl 
CH, 0 
ketopantoate 
“ URE nant. DICAMBA 
CH, (BENZOIC ACIDS) 
CH,-G - CH-COO~ 
OH CH, OH 
pantoate 


Dichlobenil (2,6-Dichlorobenzonitrile) 


Exposure to labeled dichlobenil showed that this compound can be 
absorbed from the atmosphere as well as from an aqueous solution. Studies 
with bean seedlings (Phaseolus vulgaris L.) gave evidence of metabolism of 
dichlobenil (Massini, 1961; Pate et al., 1964). Alligatorweed [Alternanthera 
philoxeroides (Mart.) (Griseb.)], bean (Phaseolus vulgaris L.}), fungi 
(Fusurium sp., Geotrichum sp., Penicillium sp., and Trichoderma sp.) and a 
nematode (Rhabditis sp.) were used to study dichlobenil metabolism. From 
water extracts, 2,6-dichlorobenzoic acid was isolated and identified 


(Pate and Funderburk, 1965). 
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2,6-Dichloro-4-nitroaniline 


Dichloro-4-nitroaniline (DCNA) was readily taken up and trans- 
located by both tomato and lettuce and was rapidly degraded to uniden- 
tified polar metabolites. Labeled carbon from pena-cl4 appeared in the 


carbohydrate plant constituents (Lemin, 1965). 


1,3-Dichloropropene, cis- and trans- 


Cis- and trans- 1,3-dichloropropene are hydrolyzed in wet soil to the 


corresponding allyl alcohol (Castro and Belser, 1966). 


Dimefox (DMF, bis(dimethylamido)phosphoryl fluoride) 


Although it is known that dimefox is converted to an anticholin- 
esterase in the liver of rats and in the gut of roaches, no metabolites 
have been identified. By analogy to schradan, the N-oxide can be 


postulated, (Fenwick et al., 1957; Arthur and Casida, 1958). 
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Dimethoate (Rogor) (0,0-Dimethyl S~-[N-methylcarbamoylmethyl] phosphoro- 
dithioate) 

Male rats were orally administered labeled dimethoate in corn oil via 
stomach tube. Using ion exchange chromatography, 0,0-dimethyl phosphoric 
acid, 0,0-dimethyl phosphorothioic acid, and two unidentified compounds 
were isolated from urine samples. When the carboxy derivative was admin- 
istered, 0,0-dimethyl phosphorodithioic, 0,0-dimethyl phosphorothioic, and 
0,0-dimethyl phosphoric acids were found. Highest levels of radioactivity 
persisted in the liver, skin, and bone. Dimethoate residues were present 
as long as 672 hours after administration (Dauterman et al., 1959; Krueger 
et al., 1960; Plapp and Casida, 1958b; Uchida et al., 1964; Sanderson and 
Edson, 1964). 

From urine samples from a steer treated with labeled dimethoate, the 
following metabolites were isolated and identified: 0,0-dimethyl S-carboxy- 
methyl phosphorodithioate, O-methyl S-(N-methylcarbamoylmethyl) phosphoro- 
thioic acid, 0,0-dimethyl phosphoric acid, 0,0-dimethyl phosphorothioic 
acid, and 0,0-dimethyl phosphorodithioic acid. Of 34 tissues tested for 
residue levels, liver and kidney. contain the greatest amount of total 
dimethoate equivalents and of actual dimethoate (Dauterman et al., 1959; 
Kaplanis et al., 1959b). Similar results were obtained with sheep (Cham- 
berlain et-al., 1961). Other mammalian studies nee indicated that the 
predominant path was dependent on species, sex, and concentration of the 
dimethoate. In the pheasant, the toxic thiolate analog tends to accumulate 
(Sanderson and Edson, 1964).and its conversion to one of the other metabo- 


lites is much slower than in mammals. This probably explains the greater 


susceptibility of the pheasant. 
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When P32-labeled dimethoate was applied to bollworm larvae and adult 
boll weevils (Bull et al., 1963b), metabolic products were similar to 
those reported for mammals. From internal extracts of topically treated 
boll weevils, seven metabolites were isolated and identified. Among these 
were dithioate, and the thiocarboxy and oxygen analogs of dimethoate, and 
what is believed to be the oxycarboxy analog. Bollworms were treated by 
injection of labeled dimethoate. The highly toxic oxygen analog was 
highest in concentration. Later, considerable amounts of dithioate were 
found. The metabolite of major importance which is found is dimethyl 
phosphate. This accumulates and breaks down slowly. The desmethyl 
carboxy derivative and what is thought to be monomethyl phosphate are 
also present. [In the locust, the main product is the highly toxic thio- 


late analog (Sanderson and Edson, 1964). 


When applied to plants, dimethoate was rapidly absorbed and decom- 
posed both on the surface and within the plant by hydrolysis and oxidation. 
On the plant surface, dimethoate underwent non-enzymatic oxidation to the 
oxygen analog and hydrolysis to water soluble derivatives identified as 
dimethyl phosphoric and 0,O-dimethyl phosphorothioic acids, desmethyl 
dimethoate, and a compound thought to be the oxycarboxy derivative. With- 
in plants, the oxygen, desmethyl, thiocarboxy and oxycarboxy analogs, mono- 
methyl and dimethyl dithioate, monomethyl and dimethyl thioate, dimethyl 
phosphate and phosphoric acid were found. Inside the plant the desmethyl 
analog was predominant, whereas, on the surface the oxycarboxy compound 
predominated. Marked quantitative differences found in the levels of the 


different water soluble derivatives in and on corn, cotton, olives, sugar 
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beets, and potato plants indicated different paths of degradation 
(Dauterman et al., 1960; Santi et al., 1959, 1961, 1962, 1964a, b; 
Hacskaylo and Bulli, 1963). 

In sandy loam soil, dimethoate has a half life of 2% days, where 
moderate rainfall occurs following application, to approximately 4 days 


during drought conditions (Bohn, 1964). 
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Dimetilan (2-Dimethylcarbamoyl -3-methyl-5-pyrazolyl dimethylcarbamate) 


Dimetilan had a half-life in houseflies (Musca domestica L.), the 
American cockroach (Periplaneta americana L.), and the Geman cockroach 
(Blatella germanica L.) of less than 0.5 hours. Hydrolysis of the 
carbamate ester group accounted for some metabolism, since 13% of the 
injected dose was liberated as cl4o, within 1 hour after injection of 
dimetilan. Nine metabolites were detected from the German cockroach; 

6 from the American cockroach; and 4 from the housefly. Chromatography 
indicated that the metabolite formed first and the major product was 
probably 2-dimethylcarbamoyl -3-methyl-5-pyrazolyl N-hydroxymethyl, N- 
methylcarbamate. This could serve as a precursor for 2-(N-hydroxymethyl, 
N-methyl) carbamoyl-3-methyl-5-pyrazolyl N-hydroxymethyl, N-methylcar- 
bamate, thought to be the structure of another of the metabolites found 
in both cockroaches but not in the housefly. A third metabolite found in 
all 3 insects co-chromatographed with 2-N-methylcarbamoyl -3-methyl-5- 
pyrazolyl dimethylcarbamate and exhibited the same biological activity 
(Zubairi and Casida, 1965). 

Labeled dimetilan was administered orally to rats. Within 4 hours 
after treatment, the urine contained 10% of the administered radioactiv- 
ity and an additional 3% within the next 18 hours. Two metabolites were 
recovered but not identified (Zubairi and Casida, 1965). 

Other studies have shown a microsomal system, requiring TPNH and 
oxygen, that acts on N,N-dialkyl carbamates. Dealkylation occurs with 


formation of formaldehyde from N,N-dimethylcarbamates but not from 
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N-methylcarbamates. Dimetilan was degraded by this system (Hodgson and 
Casida, 1960, 1961). 

Exposure of dimetilan to ultraviolet radiation gave rise to three de- 
gradation products, one of which was identified as the monomethyl compound 


3-methy1l-5-hydroxy-pyrazol-5-dimethylcarbamate (Eberle and Gunther, 1965). 
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Dinitro Compounds (Aromatic) 


Studies with soil microorganisms showed that aromatic dinitro 
compounds were slowly degraded (Erikson, 1941; Moore, 1949; Simpson and 
Evans, 1953). When 2,4-dinitrophenol or 2,4-dinitro-o-cresol is exposed 
to bacteria (Pseudomonas) (Simpson and Evans, 1953) or an atypical 
Corynebacterium simplex (Jensen and Gundersen, 1955) the yellow color 
bleached with the appearance of nitrite. 

In man, 2,4-dinitro-o-cresol acted as a cumulative poison and was 
eliminated slowly over a period of weeks. Small amounts were eliminated 
unchanged in the urine. 

When fed to rabbits, less than 20% of 2,4-dinitro-o-cresol was excreted 
via the urine as metabolites. Five percent was excreted unchanged and 1% 
as a conjugate. The main urinary metabolites were 6-acetamido-4-nitro- 
o-cresol (1-1.5%) and O-conjugates of this compound (10%). 3-amino-5- 
nitro salicylic acid and derivatives of 4-amino-6-nitro-o-cresol were also 
excreted in small amounts (Smith et al., 1953). 

Paper electrophoresis of serum of rats poisoned by consumption, in- 
halation, or skin exposure to the herbicides dinitroisopropyl-(DNPP) and 
dinitrobutylphenol (DNBP) showed DNPP- and DNBP-albumin complexes. Liver, 
kidney, spleen, and blood contained metabolites. Although not identified, 
chemical reactions indicate that the herbicides were enzymatically reduced 


in the liver to primary amines (Henneberg, 1964). 
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Diphenamid (N,N-dimethylacetamide) 


Labeled diphenamid was administered to male rats (Purdue-Wistar 
strain) orally, intraperitoneally, and subcutaneously. Half-lives were 
found to be 245, 235, and 210 minutes, respectively. Demethylation of 
diphenamid was found to be extensive; nordiphenamid was demethylated to 
a lesser extent. Analysis of urine showed the presence of nordiphenamid, 
diphenylacetamide, nordiphenamid N-glucuronide, N-methyl-N-hydroxymethyl 
diphenylacetamide O-glucuronide, p-hydroxydiphenamid, and p-hydroxy- 
nordiphenamid. The latter two are excreted as glucuronides and/or 


sulfates (McMahon and Sullivan, 1965). 
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Dipterex (Bayer L 13/59) (0,0-Dimethyl-2,2,2-trichloro-1-hydroxyethyl 
phosphonate) 





p32. 1abeled dipterex was administered intravenously to a cow. 


Analysis of blood indicated a rapid hydrolysis. Trichloroethanol 
glucuronic acid was isolated and identified (Robbins et al., 1956; Arthur 
and Casida, 1957) from urine samples. Enzyme studies also indicated 
cleavage of dipterex to form dimethyl phosphate. Other studies have 
shown that dipterex spontaneously transforms into DDVP at pH 5.0 and 
greater (Metcalf, 1959; Miyamato, 1959). 

In rat brain homogenates, c14-1abeled dipterex was rapidly metaboliz- 
ed to monodemethylated dipterex, monomethylphosphate, 2,2,2-trichloro- 
l-hydroxyethyl phosphonic acid, and a fourth unidentified compound 
(Hassan et al., 1965a). Following injection in rats of dipterex labeled 
in the two methyl groups, 60% of the els, was recovered after 24 hours 
in the expired air and urine. cl4o, and C!4-formate constituted about 
50% of the recovered radioactivity (Hassan and Zayed, 1965). Additional 
studies were conducted with P22-labeled dipterex. After interperitoneal 
injection, 75-85% of the administered radioactivity appeared in the urine 
within 48 hours. Three P?-labeled compounds were found in the urine. 

Two were identified as mono- and dimethylphosphates. The third metabolite 
was not identified (Hassan et al., 1965c). 

After exposure of larvae of the cotton leaf worm (Prodenia lituria F.) 
to labeled dipterex, O-methyl-2,2,2-trichloro-l-hydroxyethyl phosphonic 
acid, 2,2,2-trichloro-l-hydroxyethyl phosphonic glucuronic acid (65-75%), 


mono- and dimethylphosphate, and cl40, (Zayed and Hassan, 1965a; Hassan et al, 
1965b) were found. 
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When cotton plants were exposed to p32 -jabeled dipterex, dimethyl- 
phosphate, monomethylphosphate, and inorganic phosphate were found 
(Mosafa et al., 1965). 

Tests with microorganisms showed that Aspergillus niger, Penicillium 
notatum, and Fusarium sp. hydrolyzed dipterex. One compound was identified 
as O-methyl-2,2,2-trichloro-l-hydroxyethyl phosphonic acid. The other is 


believed to be 2,2,2-trichloro-1l-hydroxyethyl phosphonic acid (Zayed et al., 


1965b, c). 
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glucuronic acid 


After exposure of adult larvae of Prodenia litura F. to pe labeled 


dipterix, the hemolymph contained 3 times more radioactivity than in the 
gut. While the concentration in the gut and hemolymph decreased with time, 
there was an accumulation of radioactivity in the fat. The metabolites 
excreted were identified as monomethyl- and dimethylphosphates, and the 
glucuronate of the demethylated dipterex. These metabolites were similar 
to those identified from in vivo metabolism of dipterex by Prodenia larvae 
(Zayed et al., 1965b). 

Diquat (1,1'-Ethylene-2,2'-dipyridenium dibromide) 

Paraquat (1,1'-Dimethyl-4,4'-dipyridenium di-methylsulfate) 

Studies with labeled material indicated that these compounds were not 
degraded by alligatorweed. Both compounds reacted as free radicals (Fun- 
derburk and Davis, 1964; Homer et al., 1960). 

After seven days exposure to ultraviolet light, 85% of the radioactivity 


of cl4 


-labeled diquat and paraquat was lost. Electrophoresis indicated 
three degradation products from paraquat and one or more from diquat (Coats 
et al., 1965). 

Studies on adsorption indicated that diquat is adsorbed to soil, 
kaolinite, and montmorillonite in amounts similar to paraquat. Only 
montmorillonite appeared to hold herbicides in an unavailable form to wheat 
at extremely high rates. When added to plastic poois, montmorillonite 
drastically reduced paraquat solution concentration within 24 hours (Coats 
et al., 1965). 

Redwetten of paraquat and diquat to colored free radicals was observed 


in fungal and bacterial cultures. In some cases, the organisms were colored; 
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indicating entrance into the organism or adsorption of the herbicide to 


cell walls. The fungus, Cephalosporium sp., showed little or no degra- 


dation of paraquat whereas an unidentified bacterium produced at least 
two degradation products (Bozarth, 1965). 
Paraquat is not metabolized in plants but breaks down in sunlight to 


methylisonicotinic acid and methylamine hydrochloride. Animals excrete 


paraquat unmetabolized (Slade, 1965). 
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Di-Syston 
0,0-Diethyl $-(2-ethylthio) ethyl phosphorodithioate 


(C9H50) 2 ~P-S-CHp ~CHp ~S~CHp CH 


After intraperitoneal injection of labeled di-syston into rats, the 
rats were sacrificed and the livers analyzed. Di-syston sulfoxide, di- 
syston sulfone, di-syston-P=O sulfoxide and di-syston-P=0 sulfone were 
found. In the urine collected from treated rats, only hydrolytic products 
were identified; diethyl phosphate, diethyl phosphorothioate, diethyl 
phosphorodithioate, and inorganic phosphate. Four other compounds were 
observed but not identified. The di-syston phosphorothiolate derivate 
was not found (Bull, 1965). 

Di-syston-P2 was injected into bollworm larvae which were sacraficed 
at varying intervals. Di-syston sulfoxide and sulfone, di-syston-P=0 
sulfoxide and sulfone, inorganic phosphate, ethyl phosphate, diethyl 
phosphate, diethyl phosphorothiolate and several unidentified compounds 
were found. Examination of the excreta gave similar results. After 
exposure of tobacco budworms to labeled di-syston, the same products were 
found. However, the rate of metabolism of di-syston and its metabolites 
was greater (Bull, 1965). 

Cotton leaves and seedlings were treated with labeled di-syston. 
Initial oxidation of the 2-ethylthio ether was very rapid. After one day, 
di-syston sulfone was the major metabolite. After 16 days, the major 
metabolite was di-syston-P=0 sulfone. The only hydrolytic products found 


were inorganic phosphate, diethyl phosphate, and diethyl phosphorothioate 
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(Bull, 1965). Similar results were obtained with lemon, bean, and 
alfalfa plants (Metcalf et al., 1957). 

The action of air and sunlight on surface residues is rapid and 
appears to promote oxidation. In addition to activation producing 
oxidative metabolites, there is hydrolysis to diethyl phosphoric acids 
and alcohols (Hartley, 1952a, b: Fukuto et al., 1955, 1956; Heath et al., 
1955). 

Kinetic studies have shown that temperature, by its general effect 
on chemical kinetics and by governing the rate of physiological activities 
of the plant, plays a large but somewhat predictable role in the metabo- 
lism of systemic insecticides in plants. Figures showed that for every 
rise of 10°C, the rate of disappearance of di-syston sulfoxide increased 
by about 1.86 times. Similar effects are presumed for the reactions 
giving rise to the other identified metabolites (Metcalf et al., 1959). 
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Dithiocarbamates 


Ethylene bisdithiocarbamates (See also TTD) 


(Nabam = Disodium salt) 
(Maneb = Manganese salt) 
(Zineb = Zinc salt) 


The effectiveness of ethylene bisdithiocarbamates is dependent on 
the formation of ethylene thiuram monosulfide and its ultimate conver- 
sion to isothiocyanate which may react with sulfhydryls. The pH 
conditions, type and amount of inorganic salt present, and the order of 
mixing, all affected these conversions. Some free ethylene bisdithio- 
carbamic acid was always present in solutions of its salts because of 
hydrolysis. Salts of the acid degraded to ethylene thiuram monsul fide 
and polymeric ethylene thiuram monosulfides (Parker-Rhodes, 1943; Barratt 
and Horsfall, 1947; Cox et al., 1951; Kloppeng and Van der Kerk, 1951; 
Van der Kerk and Kloppeng, 1952; Sijpesteijn et al., 1954, 1957; Morehart 
and Crossan, 1962; Sisler, 1963). 

Except for Cutt salts, dithiocarbamates inhibited polyphenol ecidaee 
by complexing the enzyme or increasing metal dissociation. Inductance 
effects of the amine "N" substituents and the tautomerism of the "S" atom 
to sulfhydryl played an important role in this aspect. Phosphorylation 
of glucose and mannose was interrupted through inhibition of 6-phospho- 
gluconate and glucose-6-phosphate dehydrogenase (Owens, 1954a, 1954b; 
Ludwig et al., 1954, 1955; Sijpesteijn and Van der Kerk, 1956; Johnson 


et al., 1960; DuBois et al., 1961; Sisler, 1963). 
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The zine salt showed no degradation when exposed to sunlight for 
varying periods up to 1% hours. In soil, degradation of zineb occurred 


but was not complete even after 45 days (Iley and Fiskell, 1963). 
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Dimethyldithiocarbamates 


(Vapam = Sodium salt) 


After uptake of the fungicide sodium dimethyldithiocarbamate by the 
roots of cucumber plants, three other fungitoxic agents could be dis- 
tinquished on paper chromatograms (Dekhuijzen, 1961}. Studies with bean 
plants gave similar results. Incubation of potato chips in a solution 
of dimethyldithiocarbamate produced two of the compounds. One of these 
was identified by ultraviolet, infra-red, and optical rotation as di- 
methyldithiocarbamate-f-glucoside (Kaslander, 1961). By similar methods, 
another compound was isolated and identified as 6-(dimethyldithiocarbamoyl- 
thioalanine. A third compound was identified as optically active thia- 
zolidine-2-thione-4-carboxylic acid. This latter probably arises through 
non-enzymatic decomposition of the alanine derivative (Kaslander et al., 
1962). 

rom suspensions of yeast cells (Saccharomyces cerevisiae) and 
sodium dimethyldithiocarbamate, a compound identified as y-(dimethyl- 
thiocarbamoylthio)-a-aminobutyric acid was isolated. Another unstable 
compound, thought to be the corresponding keto acid, was found but not 
completely identified (Sijpesteijn et al., 1962). Similar results were 
obtained with many other soil microorganisms. 

In soil the main decomposition product of the salt was methyl 
isothiocyanate. The rate of disappearance varied from 10% in builder's 


sand to 95-100% in light clay soil in 1 hour (Gray, 1962). 
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Dodecylguanidine (Dodine, Cyprex) (N-Dodecylguanidine acetate) 


Studies have shown that dodecylguanidine inhibits oxidation of 


glucose by cells of the fungus (Saccharomyces pastorianus). Other 


studies attribute the toxicity of dodine to the blocking of vital anionic 
Sites at the cell surface and inactivation of enzymes. No metabolites 


have been demonstrated (Brown and Sisler 1960). 


Dyrene (Kemate) (2,4-Dichloro-6-anilino-s-triazine) 


It has been shown that through a metathetic reaction involving the 
ring chlorine, this compound can combine with metabolic intermediates 


containing amino and sulfhydryl groups (Burchfield and Storrs, 1957). 


NH + HSR re NH 
N7 N NZ 


Cl I Cl Nyy S-R 


Dyrene 
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Endosulfan (Thiodan) 


When endosulfan was administered orally in corn oil to white rats, 


both isomers and the alcohol metabolite were identified by paper 


chromatography (Lindquist and Dahm, 1957; Terranova and Ware, 1963). 


After topical application of 


cl4 


-endosulfan to Musca domestica 


(Barnes, 1965; Barnes and Ware, 1965) or to leafy plants (Cassil and 


Drummond, 1965), endosulifan sulfate was isolated. 


metabolites were also found but not identified. 


Several additional 


Characteristics of the 


unidentified compounds indicated that they were probably conjugates of 


endosulfan as either the glucoside, the glucuronide, or the ethereal 


sulfate. 
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Endothal (Disodium 3,6-endoxohexahydrophthalate) 


Radioactive tracer studies show that most of the endothal degradation 
occurs in the moist soil within 7-10 days and that the cl4g, produced is 
then taken up by the plant and incorporated into plant metabolites (Freed 


et al., 1958a; Montgomery et al., 1959b). 


Endothion (2-Dimethoxyphosphorylthiomethyl-5-methoxy-4-pyrone) 


Endothion was applied to several species of insects and the degree 
of penetration and metabolism was studied. Three metabolites were isolated 
but the quantities were insufficient to permit rigorous identification 


(Touron and Hascoet, 1964). 
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EPTC (Ethyl-N,N-di-n-propylthiolcarbamate) 


PEBC (Propyl-N,N-ethyl-n-butylthiolcarbamate) 


Studies showing a direct relation between the effectiveness of EPTC 
and the clay and organic matter of the soil indicated that the material 
was strongly adsorbed. The data also suggested that soil microorganisms 
contributed significantly to the loss of EPTC toxicity when incorporated 
into soil (Fang, 1959b; Freed, 1958b; MacRae and Alexander, 1965; Sheets, 
1958). 

EPTC was hydrolyzed on standing in water. The reaction is first 
order and has an energy of activation of 7500 calories/mole (Nalewaja 


et al., 1964). 


2.8 x 1074 (20°C) 


x 
1] 


4.25 x 1074 (30°C) 


C3H7. 


af 
C3H7 


9 
N-¢-S-Co Hg +H)07(C3H7) 9NH4+CO7+Co Hs SH 


Studies with 539 


-labeled EPTC showed that this material is readily 
Sbaorhed from the soil, translocated throughout the entire plant, and 
rapidly metabolized (Fang, 1959a, 1960; Yamaguchi, 1961). No metabolites 
were identified. 

Labeled studies with PEBC showed that the metabolic breakdown in 


tomato foliage and fruits was a first-order process. The rate constant 


depended upon the tissue and the growth stage (Fang and Fallin, 1965). 
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Ethylene Dibromide 


Part of the ethylene dibromide adsorbed on wheat underwent decom- 
position to ethylene glycol and inorganic bromide on heating. The glycol 
reacted to a small degree with the protein, probably the -SCH3 of methio- 


nine (Bridges, 1956). 


Br-CH»-CHy-Br ———3= HO-CH,-CH,OH + Br- 
2 2 OH" 2 2 
Ethylene Ethylene 
Dibromide Glycol 


Famphur (p-N,N-dimethylsulfamoylphenyl dimethyl phosphorothionate) 


Famphur was degraded at varying rates by mice, American cockroach 
(Periplaneta americana L.), and milkweed bugs [Oncopeltus fasciatus (Dall.)]. 
H?-labeled famphur was injected and analyses eve made by thin-layer 
chromatography. In addition to famphur, both famoxon and N-desmethyl 


famphur were found (0,Brien et al., 1965). 
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Fenthion (Bayer 29493, Mercaptophos, Baytex, Lebaycid) (0,0-Dimethyl 
O-[{ 3-methyl-4-methyl-mercaptophenyl] phosphorothioate) 

Sulfoxide appeared as the chief metabolite of fenthion when the latter 
was applied to bean plants. In addition to the sulfoxide, the sulfone, and 
the sulfoxide and sulfone of the phosphate, and the S-methyl isomeride were 
also found. The latter was also oxidized to the corresponding sulfone and 
sulfoxide (Francis and Barnes, 1963; Niessen et al., 1962). When applied 
to cabbage and tea plants, metabolism was rapid. The sulfoxide and sulfone 
were the main metabolites although some oxidation of thiophosphate to phos- 
phate also occurred (Tomizawa, 1962). On rice plants, only about 10% of 
the applied material remained after six hours. The major part of the meta- 
bolites in both rice leaf and ear was the sulfoxide and sulfone. The S- 
methyl isomer was also found in ears. Using labeled material, almost half 
of the activity was found in bran; 6.5% in the husk, and 14.7% in polished 
rice. Fourteen days after application, water soluble metabolites were 
found in the rice grains: phosphate and thiophosphate, dimethyl phosphate 
and thiophosphate, demethyl fenthion, and an unknown compound (Fikudo et 
al., 1965). 

When rats, houseflies, the German cockroach, boll weevil, and cotton 
plant were exposed to p32-1abeled fenthion, five compounds were found in 


different proportions (Brady and Arthur, 1961). 
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Ferbam (Ferric dimethyldithiocarbamate) 


Ferbam reacts with thiols by a radical exchange mechanism. The 
final products are the corresponding disulfide of the parent thiol and 
dimethyldithiocarbamate (Owens and Rubenstein, 1964). At pH >7, ferbam 
decompsoes to give dithiocarbamate ions. At pH <5, it decomposes to di- 
methylamine and CS9. At pH 6 to 7, the nature of the buffer is important: 
ferbam is stable in acetate but decomposes in phosphate buffer to dithio- 


carbamate (Owens and Ruberstein, 1964). (See also Dithiocarbamates.) 


Fluoroacetamide (P=Ctig-F nip) 
Fluoroacetate (F-CH» -C-ONa) 

Fluoroacetate and fluoroacetamide are convulsants for the cockroach 
as well as the mouse. At high doses, hyperexcitability was followed by 
prostration and tremors. In general, fluoroacetate was more toxic to mice 
than insects. The reverse was found with fluoroacetamide, probably be- 
cause of the higher rate of hydrolysis in insects. Fluoroacetamide was 
hydrolyzed to fluoroacetate. This then entered the tricarboxylic acid 
cycle where fluorocitrate formed and blocked the citric acid cycle by in- 
hibition of aconitase (Matsumura and Brown, 1963). 


Recently, a bacterium was isolated that was capable of metabolizing 


fluoroacetamide and fluoroacetate with the release of F (Kelly, 1965). 
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G.C, 4072 (2-Chloro-1-[2,4-dichlorophenyl]vinyl diethyl phospnate) 


Peak concentration of radioactive material in the urine of steers, 
after a spray application of p32-j abeled G.C,. 4072, occurred in samples 
collected at 3 hours post-treatment. Metabolism resulted in the elimi- 
nation of 9 or 10 radioactive compounds in the urine. Most of these 
have not been identified because pure standards are not available 


(Chamberlain and Hopkins, 1962). 


Guthion (0,0-Dimethyl S-[4-oxo-1,2,3-benzotriazin-3(4H) -ylmethyl1] 
phosphorodithioate) 

Using whole cockroach tissues and homogenates of these tissues, 
enzymes have been shown to be present that will activate guthion and 
degrade the active metabolite. By analogy to other studies, it is assum- 
ed that guthion is activated by oxidation to the corresponding phosphates. 
However, no metabolites have been identified (Murphy and DuBois, 1957; 
Nakatsugawa and Dahm, 1962). 

Using rat tissues, incubation of guthion with slices of brain, car- 
diac muscle, kidney, or skeletal muscle produced no active metabolite. 
When guthion was incubated with liver slices, an active anticholinesterase 
thought to be the oxygen analog was rapidly produced (DuBois and Murphy, 


1957). 
In the tissues and milk of cows fed guthion, four phosphorus~free 


metabolites, containing the benzazimide moiety, were found but not iden- 


tified (Everett et al., 1966). 
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Heptachlor 


Heptachlor was rapidly metabolized by houseflies to heptachlor 
epoxide (Perry et al., 1958b). No other metabolite was found. Simi- 
larly, the only metabolite recovered from plants (Gannon and Decker, 
1958a) or from soil (Gannon and Bigger, 1958a; Young and Rawlins, 1958; 
Barthel et al., 1960; Murphy and Barthel, 1960; Wilkinson et al., 1964) 
was heptachlor epoxide. In aqueous suspensions of heptachlor, 1l-hydroxy- 
chlordene has also been found (Bowman et al., 1964). 

When heptachlor was fed to rats (Radomski and Davidow, 1953), dogs 
(Davidow and Radomski, 1953a), and cows (Davidow et al., 1953b) or when 
cows were grazed on heptachlor treated pasture (Stoddard et al., 1954; 
Ely et al., 1955; Bache et al., 1960; Rusoff et al., 1962, 1963), only 
heptachlor epoxide was found in the tissues of these animals and in the 
cows’ milk. Studies have shown that epoxidation of heptachlor to hepta- 
chlor epoxide occurred in the microsomal fraction of the liver, at least 


in rats (Wong and Terriere, 1965). 
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Imidan (Phthalimidomethy1-0,0-dimethy1-phosphorodithioate) 


Cotton plants were treated with c14_imidan. Although readily absorbed 
by treated leaves, the imidan was translocated in the plant. The major 
non-phosphate metabolites isolated consisted of phthalic and/or phthalamic 
acid, benzoic acid and possibly one or more benzoic acid derivatives. The 
thiol analog was not found and the presence of post-hydrolysis 0,0-dimethyl 
methoxymethylphosphorothionate indicated hydrolysis predominated over 
oxidation (Menn and McBain, 1964). 

After dermal application, imidan was moderately absorbed by the skin 
of a steer. Approximately 9.6% of the applied dose was recovered in 
excreta within 7 days and less than 2% from blood. The principal route of 
elimination was via the urine in which almost 8% of the applied dose was 
recovered within 7 days. Paper chromatography and electrophoresis indi- 
cated that the primary metabolic products were phthalamic and phthalic 
acids. The presence of benzoic acid, a decarboxylation product of phthalic 
acid, was indicated also but not conclusively proven (Chamberlain, 1965). 

In rats, 79% of the administered dose was eliminated via the urine 
and 19% via the feces. About 2.6% remained in tissues. Hydrolysis pre- 
dominated as in the steer and cotton plant (Ford et al., 1966). 

Phthalamic and phthalic acids were found as metabolic or hydrolysis 
end products also in water, the German cockroach [Blatella germanica (L.)], 
and the rat (Menn et al., 1965b). Hydrolysis of imidan occurred in soils; 


and tests indicated that this was not dependent on moisture alone but was 


due in some degree to microbial action. [In dry sandy loam soil, the time 
for 50% degradation was 19 days, compared to 3 days in moist soil (Menn 


et al., 1965a). 
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Loxynil (3,5-Diiodo-4-hydroxybenzonitrile) 


Photolysis of 3,5-diiodo-4-hydroxybenzonitrile (ioxynil) was a 
factor in its herbicidal action. The herbicidal and molluscicidal 


actions of ioxynil and bromoxynil, the bromine analog, are more toxic 





in light than in dark. When irradiated with ultraviolet light for 20 
hours, in benzene, ioxynil was converted into 3,5-dipheny1-4-hydroxy- 
benzonitrile. The corresponding monoiodo derivative gave 3-phenyl-5- 
hydroxybenzgonitrile. Within tissues of plants, ioxynil probably lib- 
erates free radicals which interfere with plant functions (Ugochukwa 
and Wain, 1965). 

After ioxynil was fed to a cow, a compound was isolated from the 
urine that appeared to be a conjugate of 3-iodo-4-hydroxybenzonitrile 


(Fisher et al., 1965). 


Isolan (1-Isopropy1-3-methy1-5-pyrazolyl dimethylcarbamate) 
Pyrolan (1-Phenyl-3-methyl-5-pyrazolyl dimethylcarbamate) 

It has been shown that microsomal enzymes, requiring TPNH and oxygen, 
act on N,N-dialkylcarbamates. Dealkylation occurs with formation of 
formaldehyde from N,N-dimethylcarbamates. In such a system isolan was 
degraded and formaldehyde was released at acid, but not neutral, pH. 


Pyrolan reacted similarly (Hodgson and Casida, 1961). 
Exposure of isolan to ultraviolet radiation showed formation of 1- 
isopropyl-3-methyl-pyrazolone and an unidentified compound. Similar treat- 


ment of pyrolan gave rise to l-phenyl-3-methylpyrazolone. Three uniden- 
tified compounds were also observed after prolonged irradiation (Eberle 


and Gunther, 1965). 
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Malathion (0,O-dimethyl S-[{1,2-bis-carbethoxy] ethyl phosphorodithioate) 


Accumulation of malathion or its metabolites in the tissues of 
hens fed labeled malathion was slow. Two to three per cent was 
excreted unchanged or as chloroform-soluble metabolites. Ninety- 
seven to ninety-eight percent is excreted as ionic water-soluble 
metabolites. Of the tissues examined, liver and kidney contained the 
greatest amount of radioactive compounds. The level of radioactivity 
remained constant for a week after withdrawal from the malathion- 
fortified feed and then slowly decreased. The amount of radioactive 
compounds decreased more rapidly in the white than in the yolk of 
the egg (March et al., 1956a). 

Apparently two major degradative pathways occur in mammals: 
that involving carboxy esterases and that involving phosphatases. The 
differences in the activity of these two systems, in mammals as 
against insects, helps account for the difference in toxicity. [In 
the urine of cows, the principal metabolite was Hareehion monoacid; 
the diacid became more important with time. Desmethyl malathion was 
also found. In fecal matter, malaoxon, dimethyl phosphate, and | 
0,O-dimethyl phosphorothioate were found (March et al., 1956b; Wells 
et al., 1958; Weidhaas, 1959; O'Brien et al., 1961b; Pasarela et al., 


1962). Other studies with rats and dogs have shown the presence of 
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malaoxon in the blood and malathion mono- and di-acids in the urine 
as well as monomethyl phosphate, dimethyl phosphate, and dimethyl 
thiophosphate (Knaak and O'Brien, 1960; Mattson and Sedlak, 1960; 
Seume and O'Brien, 1960). 

Although both phosphatase and carboxyesterase activity are present 
in insects, it is the lower activity of the carboxyesterases and the 
higher production of malaoxon that apparently accounts for the 
higher insect toxicity (Cook et al., 1957b; 1958a,b; O'Brien, 1957b; 
Krueger and O'Brien, 1959b; Lewallen and Nicholson, 1959; Kojima et al., 
1960, 1963a; Perry 1960a; Weidhaas, 1959; Matsumura and Brown, 1961, 
1963; Bigley and Plapp, 1962; Mengle and Lewallen, 1963). 

Dimethyldithiophosphate was found in plants treated with 
malathion (Tomizawa and Sato, 1960b). When malathion treated maize 
and wheat was stored in sealed jars for six months and analyzed 
monthly, dimethyl phosphorothiolate, malathion mono-acid, and 
malathion di-acid were identified by thin-layer chromatography. Other 
studies showed that wheat grain also converted malathion to dimethyl 
phosphate and malaoxon. Malathion breakdown appeared to be principally 
hydrolytic rather than oxidative, (Rowlands, 1964, 1965). In rice 
bran, the rate of disappearance of malathion was greater in those 
samples having the higher acid content. Hydrolysis proceeded, 
apparently, by both enzymatic and chemical routes. Dimethyl 
phosphorothionate and dimethyl phosphorothiolothionate were found 


(Rowlands and Clements, 1965). 
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Maleic Hydrazide (MH, 6-hydroxy-3(2H) pyridazinone) 


Ultraviolet studies indicated that maleic hydrazide exists as 


the hydroxy pyridazinone (Miller and White, 1956). 


Using cl4_1abeled maleic hydrazide and glucose, studies have shown 


mn 


that the Bp-glucoside is formed. No other metabolites have been 


demonstrated (Weller et al., 1957; Towers et al., 1958). 
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0,0-Dimethyl-O-ethylmercaptoethyl thiophosphate (TI) 
0,0-Dimethyl-S-ethylmercaptoethyl phosphorothiolate (IT) 
Metabolism of metasystox is similar to that of systox. Some studies 
have shown that metasystox also undergoes a non-enzymatic self alkylation. 


There is some indication that systox may undergo the same reaction 


(Niesen et al., 1963). 


ange Nag Mer cea Ne le leas 
CH, 
II 


io) 
© 


ope, 

i 
~S-CHy -CHy-S-CH)-CH3 + CH30-P-S-CHp -CHy~$~-CHy -CHy 
; OCH H3 


CH,0-P 
0 


124 


Metham - Sodium (sodium N-methyldithiocarbamate) 


The principal product of decomposition of metham-sodium, when 
applied to soil, has been shown to be methyl isothiocyanate. This can 
then react with sulfhydryls or with ammonia to form N-methylthiourea. 
However, under outdoor conditions, this latter reaction is not significant, 


(Hughes, 1959; Lloyd, 1962; Ashley et al., 1963a,b; Sisler, 1963). 


1 
CH3-N-C-S-Na —=———-—_ CH3-N=C=S 
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Methoxychlor (1,1,1-Trichloro-2,2-bis-[p-methoxyphenyl] ethane) 


Treatment of cows with methoxychlor apparently does not give rise 
to any residues in the milk. Im other studies some metabolites have 
been isolated; however, none have been identified (Prickett and Laug, 


1953; Lehman, 1956; Helrich et al., 1958; Cluett et al., 1960). 


2-Methoxy-3,6-Dichlorobenzoic Acid 


This compound is rapidly metabolized by wheat and bhegrass. One me- 
tabolite has been identified as 3,6-dichlorosalicylic acid. The other 


metabolite, representing 90% of the herbicide and believed to be a hydroxy- 


lated compound, has not been identified (Montgomery et al., 1966). 
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Methyl Bromide 


Under conditions of fumigation, methyl bromide absorbed by wheat under- 
went decomposition with the formation of inorganic bromide. The gluten or 
protein fraction of wheat accounted for most of the decomposition; 40% as 
N-methyl derivatives; 24% as dimethyl sulfonium derivatives; and 16% as 
methoxyl and thiomethoxyl derivatives. Some free methanol (10%) was 
produced by hydrolysis. Work on the methylation of wheat protein by 
methyl bromide has led to the isolation and identification of 1-N-methyl- 
histidine, 3-N-methylhistidine, 1,3-N,N'-dimethylhistidine, and €-N-methyl 


lysine (Bridges, 1950, 1955; Winteringham et al., 1955). 
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Mylone (3,5-dimethyl tetrahydro-1,3,5,2H thiadiazine-2-thione) 


Activation or degradation of mylone in soil was dependent on moisture 
or free water and was a function of time and temperature. Formaldehyde 
was the first breakdown product and appeared within 15 minutes at room 
temperature. Methylamino methyldithiocarbamate appeared next and in 
turn formed CH3NH,, methyl isothiocyanate, and hydrogen sulfide. Mono- 
methyl amine and hydrogen sulfide reacted with formaldehyde to form 
methyl amino methanol, dimethyl amino methane, and 1,3,5-trithio- 
cyclohexane. Eventually this proceeded to CO,, NH3, SO9, and H90. The 
methyl isothiocyanate reacted with H,0 to yield COj, H)S, and CH3NH, 
(McKenzie, 1957; Torgeson et al., 1957; Munnecke, 1963; Munnecke and 
Martin, 1964). Methyl isothiocyanate may also react with ammonia, 
amines or sulfhydryls if present. 

Methyl isothiocyanate release was found to be a first order 
reaction and varied directly with temperature and moisture; increased 
with soil pH over the range of 2.3 to 6.5 but fell off at values up 
to pH 7.7; decreased with increased clay or peat content; not 


dependent upon soil organisms (Munnecke, 1963). 
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Nicotine 


After application of nicotine to mustard green, cotinine was shown 
to be the principal metabolite (Gunther et al., 1959). 

In man, nicotine is metabolized to cotinine, hydroxycotinine, desmethyl- 
cotinine, and other unidentified compounds (Bowman et al., 1959). In other 
studies with c}4. labeled nicotine, the nicotine isomethonium ion was 
isolated from urine after intravenous administration. Similar results were 
obtained with dogs (McKennis et al., 1963). 4-Methylamino-4(3-pyridy1l) 
butyric acid was indicated by some studies (Bennett and Thomas, 1954). In 
other studies, cotinine and y-(3-pyridyl)-8-oxo-N-methylbutyramide were found 
after administration of nicotine to dogs (McKennis et al., 1962). When 
Gt eaadomiy labeled nicotine was administered intravenously to dogs, 95% 
appeared in the urine within 36 hours; and no radioactivity was detectable 
in exhaled air. 

Studies indicated that cotinine was the principal metabolite with 
insects also. However, the number of metabolites found varied; with to- 
bacco wireworm, 1; with cigarette beetle, 2; with differential grasshopper, 
4; and with the housefly, 3 (Self et al., 1964). In German and American 
cockroaches, cotinine was the main metabolite. In the southern armyworn, 

a number of metabolites were found but not identified (Guthrie, 1957). 

Nicotine was oxidized by Arthrobacter oxydans, a soil microorganism. 
The first product of oxidation was identified as (1)-6-hydroxynicotine (Hoch- - 
stein and Rittenberg, 1959b). In subsequent studies, 6-hydroxypseudooxy- 
nicotine was identified and 6-hydroxy-N-methylmyosmine was postulated as 


the intermediate (Hochstein and Rittenberg, 1960). 
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Parathion 
0,0-Dimethyl O-p-nitrophenyl phosphorothioate (I) Methyl Parathion 
0,0-Diethyl O-p-nitrophenyl phosphorothioate (II) Parathion 


Exposure of parathion to light resulted in the formation of cholin- 


esterase inhibitors chromatographically different from parathion (Cook, 





1957c; Payton, 1953; Frawley et al., 1958; Sandi, 1958; Koivistoinen, 
1963a,b). The material resulting from the ultraviolet light treatment was 

a mixture of parathion, paraoxon, S-ethyl parathion, S-phenyl parathion and 
other oxidation and degradation products. That the mixture was less subject 
to diazotization and coupling suggested some destruction of the p-nitro- 
phenol moiety. Exposure of the three identified products from parathion 
gave rise to many compounds, which did not separate into distinct spots 

on the chromatogram. Methyl parathion gave rise only to the corresponding 
paraoxon, which in turn gave rise to a less polar compound. Parathion 

also underwent isomerization at elevated temperatures (Emmett and Jones, 1911). 


When p32 


-labeled methyl parathion was applied to cotton leaves, 
analyses indicated a half-life of 24 hours. Four compounds containing p32 
were found in the residue. Two were identified as methyl parathion and 
methyl paraoxon and two were unidentified. Under conditions of high 
temperatures more of the methyl parathion in the cotton leaf was converted 
to methyl paraoxon. Other studies with plants have shown the presence of 
phosphoric, dialkyl thiophosphoric, dealkyl thiophosphoric and dealkyl 
phosphoric acid (David, 1957). When applied to rice plants, methyl para- 


thion gave rise to methyl paraoxon and to desmethyl methyl parathion 


(Miyamoto et al., 1963a,b). 
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When roots of wheat plants were treated with parathion solutions, 
the leaf guttation fluid contained an active anticholinesterase which was 
shown to be paraoxon. 

Application of parathion and paraoxon to the skin of man, cat, 
rabbit, and rat showed that only the paraoxon was hydrolyzed (Jensen and 
Peterson, 1952; Fredriksson et al., 196la,c). In man, the only metabolite 
that has been identified is p-nitrophenol in urine (Lieben et al., 1953; 
Funckes et al., 1963). More extensive studies with labeled parathion 
conducted with rats showed that highest levels of radioactivity appeared 
in the salivery glands and cervical brown fat. Liver, kidney, and 
adipose tissues also showed high radioactivity. Labeled material was 
excreted mainly by the kidneys and not in bile (Fredriksson and Bigelow, 
1961b). 

Other studies with rats have shown that parathion metabolism pro- 
ceeded via de-ethylation as well as paraoxon (Diggle, 1951; Gersman et al, 
1952; Myers et al., 1952; Aldridge, 1953; Davison, 1954; Kubistova, 1959; 
Fukami and Shishido, 1963a, b; Miyamoto et al., 1963a; Brindley and Dahn, 
1964). Mono- and dimethyl phosphoric, dimethyl thiophosphoric, thio- 
phosphoric, and phosphoric acids were also observed (Miyamoto et al., 
1963a, b; Miyamoto, 1964a, b; Vardanis, 1964). 

When parathion was incubated with bovine rumen fluid, paraoxon, 
amino parathion, and amino paraoxon were produced along with diethyl 
phosphoric and phosphorothioic acids (Cook et al., 1957b; Pankaskie et al., 


1952; Ahmed et al., 1958b). In the case of nonruminating mammals, 
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p-nitrophenol was excreted in the urine (Gardocki and Hazelton, 1951; 
Elliott et al., 1960). In cattle, however, conjugated p-aminophenol 
was excreted in the urine, probably the result of the ability of rumen 
organisms to reduce parathion to amino parathion. 

Studies with insects indicated similar paths of metabolism, via 
paraoxon and/or dealkylation, but at varying rates (Metcalf and March, 
1949; Lockau and Ludicke, 1952; Krueger et al., 1960; O'Brien and Smith, 
196la; Plapp et al., 1961; Shishido and Fukami, 1963; Fukami and 
Shishido, 1963b; Miyamoto et al., 1963b; Matsumura and Hogendjk, 1964). 
In larvae of the rice stem borer, ethyl parathion, ethyl paraoxon, 
diethyl thiophosphate, and diethyl phosphate were found after topical 
application (Kojima et al., 1963b, c). 

Hydrolytic studies indicated there was no catalysis by [Ht]. 

For parathion: k = 0.047 [OH7] +4 x 1076 min7! (25°C.) 


and k = 0.14 [OH7] +1.5 x 1079 min! (35°C.) 


in 0.001N to 0.50N - NaOH 

50% = 120 days in the absence of alkali (pH <10) (Peck, 1948). 

In soils of low numbers of microorganism (autoclaved soil) or of 
low microorganism activity (dry soils), parathion persisted for a rel- 
atively long time. No aminoparathion was found in autoclaved soils. 
Yeast was primarily responsible for reduction of parathion in soil to 
aminoparathion; bacteria had no effect on this reduction (Lichtenstein 


and Schulz, 1964). 
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Phosdrin (0,0-Dimethyl 1l-carbomethoxy-1-propen-2-yl phosphate) 


Information on the metabolism of phosdrin in plants is not complete. 
However, the limited information available indicated that this dei haa 
was decomposed in plants by an initial enzymatic hydrolysis of the carboxylic 
ester to form the corresponding free acid. This was quickly followed 
by cleavage of the vinyl phosphate bond and decarboxylation. The finding 
of desmethyl phosdrin acid in some studies indicated that there were at 
least two paths for degradation of phosdrin in plants (Casida et al., 
1956; Spencer and Robinson, 1960). 

When labeled phosdrin was fed to cows, blood levels of phosdrin 
metabolites reached a peak between 2 and 4 hours after administration 
and the blood was essentially free of radiation within 24 hours. Within 
3 days, 77% of the administered dose was excreted. Half this was excreted 
via the urine within 12 hours. All radioactivity in the feces was present 
as hydrolysis products. Dimethyl phosphoric acid was identified in urine 
from a cow treated with phosdrin and in human plasma incubated with phos-~ 


drin (Casida et al., 1958). 
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Phosphamidon (1-Chloro-1-diethylcarbamoyl-1-propen-2yl dimethyl phosphate) 


Studies with labeled phosphamidon show that plants metabolize phos- 
phamidon to desethylphosphamidon, dimethyl phosphoric acid, a-chloro- 
acetoacetate diethyl amide, and a-chloroacetoacetate ethylamide (Jaques 


and Bein, 1960; Anliker et al., 1961; Menzer and Ditman, 1963). 


CH C1 Cl 9 9 
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Desethyl phosphamidon 


Phygon (Dichlone) (2,3-Dichloro-1,4-naphthoquinone) 


Experiments indicated that the key oxidations of glucose, acetate, 
pyruvate, and a-ketoglutarate were inhibited by phygon. Since coenzyme A 
is the only factor common to all these reactions, the data strongly indi- 
cated that coenzyme A was inactivated. Other studies have also shown that 
phygon inhibits enzymes with free sulfhydryl groups. Whether subsequent 
degradation of the CoA complex occurs is not now known (Owens and Novotny, 


1958; McNew and Burchfield, 1951; Owens and Blaak, 1960). 
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Piperonyl Butoxide 


Exposure of Madeira roaches to cl4_1abeled piperonyl butoxide gave 
rise to several water soluble metabolites which were unidentified. Dis- 
tribution of radioactivity showed that the brain and thoracic ganglia, 
fore- and hind-gut, and Malpighian tubules of the kidney contained the 


greatest amounts of radioactivity per unit weight (Schmidt and Dahm, 1956). 


Prolan 


Sublethal doses of prolan were metabolized to unidentified products. 
In addition to unchanged prolan, an acidic metabolite, possibly bis-(p- 
chlorophenyl) pyruvic acid, has been isolated from the excreta of house- 
flies. U. V. and I. R. absorption and chemical tests show that the NO. 
group has been lost and that a >C=0 is present. It has been shown that 


this is not DDA (Perry and Buckner, 1959; Perry, 1960). 
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Prolan bis-(p-chlorophenyl) pyruvic acid 
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Ruelene (4-tert-butyl-2-chlorophenyl methyl methylphosphoroamidate) 


Excretion and blood data, obtained after sheep were given oral doses 
of ruelene-P32, indicated that ruelene is rapidly absorbed and excreted. 
Eighty-five to ninety-five per cent of the dose was recovered in the 
excreta. 

Analyses showed that this compound was degraded to inorganic phosphate 
which was subsequently incorporated in bone. After incubation of ruelene 
with whole blood and plasma, chromatography showed the presence of dimethyl- 
amido phosphoric acid and phenylmethyl phosphoric acid. Several other 
metabolites were found but not completely identified (Bauriedel and Swank, 
1962). 

Sheep and poultry hydrolyzed both ester and amide groupings and 
formed a large number of innocuous hydrolytic compounds that were excreted 
via urine of sheep or urine and feces of poultry. One compound from sheep 
urine was believed to be 4-t-butyl-2-chlorophenyl dihydrogen phosphoric acid. 
A compound was isolated from insects that had a similar Re (Brady and 
Arthur, 1962). 

Ruelene was fed to laying hens at a level of 100 p.p.m. for seven 
days. Six metabolites were isolated from excreta. Of these O-methyl - 
phosphoric acid and 4-tert-butyl-2-chlorophenyl methyl phosphoric acid 
were tentatively identified. Residues appeared in egg yolks 3 - 5 days 
after return to normal feed. Some tissues were residue-free after three 


days (Buttram, 1964). 
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Schradan (OMPA, octamethylpyrophosphoramide) (bis-[dimethylamino] - 
phosphonous anhydride) 


Using the rate constant for the hydrolysis of schradan (at 25°c., 
as 4.8 x 1073 x [HT] min’ +); calculations indicated that 312 and 1040 days 
would be required for 50% and 90% hydrolysis, respectively, in Valencia 
oranges, and 16 and 35 days, respectively, in lemons. Values obtained 
after actual treatments indicated a gradual breakdown of schradan but not 
as rapid as theory suggests. Evaporation loss has been calculated to be 
1.5 x 10> mg/hr/em> at 15°C (Metcalf and March, 1952). 

Metabolic degradation of schradan in plants, animals, and insects 
gave rise to the same highly active and anticholinesterase compound (DuBois 
et al., 1950, 1953; Gardiner and Kilby, 1950, 1952; Cheng, 1951; Hartley, 
1951; Hartley and Heath, 195la,b, 1952; Heath et al., 1952a,b; O'Brien and 
Spencer, 1953, 1955, 1956, 1957a; Glynne-Jones and Thomas, 1953a,b; Stahman 
et al., 1953; Bennett and Thomas, 1954; Davison, 1954, 1955; Thomas and 
Bennett, 1954, 1956; David and Gardiner, 1955; Arthur and Casida, 1958). 
Using countercurrent distribution data, solvent partitioning characteristics, 
enzymatic inhibitor assays, and chemical reactions, the data indicated that 
this metabolite is the monophosphoramide oxide of schradan (Casida et al., 
1953, 1954a,b). This underwent isomerization with subsequent loss of 
formaldehyde and formation of heptamethylpyrophosphoramide (Hartley, 
1954). These studies indicated that, while formation of the N-oxide is 
the primary pathway, some hydrolysis of the phosphate also occurred 


(Heath et al., 1955). 
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Sesone (2,4-Dichlorophenoxyethylsul fate) 


At a pH of 3.0 - 4.0, the ethanol analog of 2,4-dichloroethylsulfate 
was formed by hydrolysis. Above pH 5.5, this reaction ceased unless 
microflora were present. In the presence of Bacillus Cereus var. Mycoides, 
activation proceeded via enzymatic hydrolysis and oxidation probably to 
2,4-dichlorophenoxyacetate (Carroll, 1951, 1952; Audus, 1952a; Vlitos, 


1952, 1953; Vlitos and King, 1953; Audus, 1953). 
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Sevin (1-Naphthyl-N-methylcarbamate) 


Feeding studies with cows indicated that sevin was hydrolyzed to 
l-naphthol and excreted in the urine only. In other studies with a goat, 
an unidentified metabolite was found in the milk (Whitefust et al., 1963). 

Labeled sevin was administered intraperitoneally in polyethylene 
glycol to guinea pigs and rats. Within 24 hours 85% of the administered 
count was recovered in the urine in both cases (Knaak et al., in press). 

When naphthyl labeled sevin was administered to the rat, exo, was 


not found. However, methyl and carbonyl labeled sevin gave rise after 4 


143 


days to residues amounting to 11 and 32%, respectively, of the dose as 
op. Excretion of naphthyl and carbonyl labels was essentially complete 
with 95% and 99% of label respectively recovered. The methyl label was 
excreted to the extent of 88% and residues were detected in the intestinal 
tracts, carcasses, and organs (Knaak et al., 1965). 

In the urine, in addition to l-naphthol (Carpenter et al., 1961) 
l-naphthyl methylcarbamate N-glucuronide, l-naphthyl methylimidocarbonate 
O-glucuronide, 4-(methylcarbamoyloxy)-l-naphthyl glucuronide, 1-naphthyl 
glucuronide, l-naphthyl sulfate, 4-(methylcarbamoyloxy)-l-naphthyl sulfate, 
and 3 unidentified metabolites were found (Knaak et al., 1965). 

Rat liver microsomes degraded sevin into six known compounds and at 
least as many unidentified materials. The methyl group was modified to 
give l-naphthol-N-hydroxmethylcarbamate. Ring hydroxylation occurred to 
yield 4-hydroxy - and traces of 5-hydroxy-1l-naphthyl-N-methylcarbamate. 
There was some evidence that the 3,4-dihydroxy-3,4-dihydro analog was 
also formed. In addition to these materials, the hydrolysis product l- 
naphthol was found. Water-soluble fractions were obtained but not identified, 
These are probably conjugates of carbamates and their hydrolytis products 
and would be expected to consist of glucosiduronic acids, sulfates, mer- 
capturic acids, N-acetylmercapturic acids, and glucosides (Dorough et al., 
1963, 1964). After exposure of sevin to plasma of 15 different animals, 
l-naphthol was identified in each case (Casida and Augustinsson, 1959). 

Sevin, in acetone, topically applied to milkweed bug nymphs was ab- 
sorbed fairly rapidly but labeled products were excreted inefficiently. 
Only unchanged sevin and a very polar unidentified metabolite were dem- 


onstrated. 
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With the German cockroach absorption was slow and excretion rapid. 1- 
Naphthol was evident in the excreta at 24 hours and in tissues at 72 
hours. Six metabolites were demonstrated. In the housefly, three metabolites 
were demonstrated. Changes undergone by l-naphthol showed that it formed 
the same series of more polar products, indicating that hydrolysis of the 
ester bond was the first step in metabolism of sevin by these insects 
(Eldefrawi and Hoskins, 1961). 

When applied to plants, sevin was converted into unidentified water- 
soluble materials which were quite stable within the plants. 

1-Naphthol and phthalic acid have been identified by gas chroma- 
tography and thin-layer chromatography after ultraviolet exposure of 
sevin (Crosby, 1964; Okada et al., 1961). Several other compounds were 


observed also but not identified. 
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Sulfur 


The basis of toxic action of sulfur is not clear. It is reduced to 
H»S by fungal spores but this does not account for its toxicity (Miller 
et al., 1953). It has been suggested that sulfur acts as a hydrogen ac- 
ceptor in metabolic systems, thereby disrupting normal hydrogenation 
and dehydrogenation reactions. It has also been suggested that poly- 
sulfide free radicals may form cross linkages with protein and other 
cellular components. Studies have also shown that sulfur blocks enzymes 
in the pathway between acetate and citrate and partially in the succin- 


oxidase system (Owens, 1960; Sisler, 1963). 


Sulfuryl Fluoride (SO,F,) 


Under conditions of usage as a grain fumigant, sulfuryl fluoride 
reacted with protein and released inorganic fluoride. Some sulfate was 


also found (Meikle, 1964). 


RNH9 J 
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Sumithion (0,0-Dimethyl O-[3-methyl-4-nitrophenyl] phosphorothioate) 


Activation studies of sumithion were conducted with slices and 


tissue homogenates of mammals, insects, and plants. Ion exchange 
chromatography indicated that although the oxon analog is formed, 
desmethyl sumithion is the principal metabolite. Some phosphoric or 
thiophosphoric, dialkyl thiophosphoric and dialkyl phosphoric acids 
were also liberated (Fukami, 1963c; Miyamoto et al., 1963a, b; Mi- 
yamoto, 1964a, b; Vardanis and Crawford, 1964). 

After exposure of rats and guinea pigs to sumithion, the desmethyl 
analog, dimethyl phosphorothioate, dimethyl phosphate, and four uniden- 
tified compounds were found (Miyamoto et al., 1963a, b). 

When P32-labeled sumithion was applied to rice plants at the pre- 
heading stage, the sumithion penetrated into the tissues and was rapidly 
degraded to desmethylsumithion, dimethyl phosphorothioic acid and phos- 
phorothionic acid. Sumioxon was present and minute amounts of such de- 
gradation products as dimethyl phosphorothioic acid, phosphorothionic 
acid and free p-nitrocresol were identified. The latter compound was 
also found in cocoa beans exposed to sumithion (Miyamoto and Sato, 
1965a, b). 


When German cockroaches were treated with sumithion, the desmethyl 


analog was found (Miyamoto et al., 1963a, b). 
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SWEP (Methyl N-[3,5-dichlorophenyl] carbamate) 


In green house studies SWEP was applied to rice, carrots, oats, wheat, 
corn, and barnyard grass. There were indications that trace amounts of 
SWEP were hydrolyzed in soil to 3,4-dichloraniline. However, it was found 
that most of the herbicide was immobilized and bound as a lignin complex 


(Chin et al., 1964). 
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TCA (Trichloroacetate) 


c714.1apeled trichloroacetate was applied to corn and pea plants. 
TCA itself, but no metabolic products, was found (Blanchard, 1954). 

In soil, microorganisms degraded trichloroacetate after a lengthy 
period of adaptation. Dechlorination occurs with probable formation of 


oxalate (Jensen, 1957; Hirsch and Alexander, 1960). 
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Telodrin (1,3,4,5,6,7,8,8-Octachloro-3a,4,7,7a-tetrahydro-4,7- 
methanophtha lan) 

The secretion of telodrin or its metabolites was studied in cows 
by means of G. L. C. - electron capture. Residues of telodrin were found 
in the milk and meat of the cows in proportion to the eget fed (Bishop 
and Huber, 1964). 

Mosquito larvae were exposed to o714.1abeled telodrin and four 
metabolites were obtained. Using paper chromatography, it was found that 
chlorine in the 1 and 3 positions was split off and the compound was 
identified as a lactone (Korte et al., 1963, 1964). 

When the metabolism of telodrin by microorganisms was studied, it 
was found that the molds, Aspergillus niger and flavus and Pencillum 
chryssogenum and notatum, could degrade telodrin. A hydrophyllic metab- 
olite was isolated but not identified. This appeared to be the same 
as one of the metabolites obtained when mosquito larvae were exposed to 


telodrin (Korte and Stiasni, 1964). 
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T.E.P.P. (Tetraethyl pyrophosphate) 


T.E.P.P. is soluble in water. At concentrations normally employed, 
hydrolysis is of the first order provided pH is constant or on the acid 


side. 
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Since hydrolysis is not appreciably catalysed by hydrogen ions, at 25°C, 


k reduces to: 


k=160[OH7~] + 1.6 x 107? ste 


For convenience, the rate of hydrolysis in terms of the time for 50% 


decomposition is expressed: 


_ loge 2 = 0.693 
Cs50% k k 





(DuBois, 1957). 
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Thimet (Phorate) (0,0-Diethyl S-[ethylthio]methyl phosphorodithioate) 


Thimet-P22 in oil was administered orally to male albino rats. Ex- 
cretion in feces and urine varied with applied dosage. Hydrolysis products 
appearing in urine of the rats within 2 days were separated by ion exchange 
chromatography and found to consist of 0,O-diethyl phosphoric acid (17%); 
0,0-diethyl phosphorothioic acid (80%); and 0,O0-diethyl phosphorodithioic 
acid (3%). Using rat liver slice preparations, phosphorodithioate 
sulfoxides and sulfones and phosphorothiolate sulfoxides and sulfones 
were formed; and less than 1% of the radioactive metabolites appeared as 
hydrolysis products or unextractable residue from the proteins (Bowman 
and Casida, 1958). 

p32-jabeled thimet was orally administered to a lactating Holstein 
cow. Only hydrolysis products were present in the urine. Initially, 
0,O-diethyl phosphorothioic acid was excreted. This declined as 0,0- 
diethyl phosphoric acid increased. Some 0,0-diethyl phosphorodithioic 
acid was also excreted. Similar findings were obtained with bile fluid. 
Fractionation and partitioning showed that the initial oxidation products 
in feces were the sulfoxide and/or sulfone. The highest total tissue 
residues appeared in liver, kidney, lung, alimentary canal, and glandular 
tissues, Fat samples were very low in thimet metabolites (Bowman and 
Casida, 1958). 

After thimet was applied to plants, total anticholinesterase activity 
increased for several days and there was an increase in the amount of 


material that is more polar in its solubility properties. However, some 
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thimet persisted as such for as long as 32 days. By means of chromatography, 
infrared, and partitioning characteristics, four non-hydrolyzed metabolites 
were identified as the phosphorodithioate sulfoxide and sulfone and the 
phosphorothiolate sulfoxide and sulfone (Bowman and Casida, 1957, 1958; 
Metcalf et al., 1957; Dedek et al., 1962; Woggon et al., 1963). 0,0- 
diethyl phosphorothioic and 0,0-diethyl phosphoric acid were also found 
(Bowman and Casida, 1958). 

When labeled thimet was applied to soil, there was an initial loss by 
volatilization as great as 25% within one hour. After that, little or no 
volatilization occurred. A large portion of the remaining thimet was bound 
to the soil and could not be extracted with chloroform nor identified. As 
the amount of organic material present in the soil increased, the amount 
of thimet recovered decreased, Extraction, column chromatographic and 
partitioning techniques showed that soil applications of thimet were also 
partially oxidized and hydrolyzed (Getzin et al., 1960). 

After exposure of the yeast-like plant Torulopsis to thimet, the 
presence of the phosphorodithioate, phosphorothiolate, and other products 
of oxidation and hydrolysis were shown (Ahmed and Casida, 1958a). 

Thimet was applied topically to the* German cockroach, large milk- 
weed bug, and Rhodanus bugs. Analyses showed the sulfoxide and/or sulfone; 
but there was no evidence for the “oxon' pathway in these insects (Menn, 
1962). When southern armyworm larvae were allowed to feed on red kidney 
bean plants grown in treated emulsions of thimet, results were similar. 

In addition to the sulfoxide and sulfone, 0,0-diethyl phosphorothioate and 


0,0-diethyl phosphoric acid were found (Bowman and Casida, 1958). 
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Thiometon (Bayer 23655) (0,0-Dimethyl S-isopropyl-2-sulfinylethyl 
phosphorothiolate) 
Thiometon is similar to demeton S and its metabolism was also similar. 
Thiometon penetrated and translocated rapidly into citrus and rice plants. 
After penetration, thiometon underwent oxidization to the sulfone and 


hydrolysis to the phosphoric and dimethyl phosphoric acids (Tomizawa, 1963). 
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Tillam (S-Propyl-n-butylethylthiocarbamate) 


Plant cells readily degrade Tillam-cl4 and give rise to cl4g,. In 
rats, tillam is rapidly eliminated. While excretion via the urine 
averages about 23%, feces samples were low, indicating that tillam is 
easily absorbed from the gastrointestinal tract and rapidly oxidized. 
Feeding studies with rats with labeled tillam gave rise to labeled amino 
acids, urea, and a conjugate which has not been identified (Fang et al., 


1962, 1964a). 
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TIMID (Tetramethyl thuiram disulfide, Thiram) (Bis[dimethylthiocarbamoy] ] 
disulfide) 

TMTD is known to inhibit fermentation of glucose, fructose-1,6-di- 
phosphate, and glyceraldehyde-3-phosphate and to inhibit triosephosphate 
dehydrogenase (Sisler and Cox, 1955). MTD reacted with thiols by a 
radical exchange mechanism. The final products are the corresponding 
disulfide of the parent thiol and dimethyldithiocarbamate (Owens and 


Rubinstein, 1964; Saville, 1960). (See also Dithiocarbamates and TTD.) 


CH3 ois CHa, 
N-C-S-S-C-N +  2GSH~—~2 N-C-SH 
cH’ ll ll Soy cH’ tl 
3 S S 3 3 S 
pH=5 + 
CS, G-S-S-G 


158 


fordon (4-Amino-3,5,6-trichloropyridine-2-carboxylic acid) 


Carboxy-labeled-tordon-cl4 was metabolized by cotton plants and 
soil microorganisms and cl4o0, was evolved. About 4% of the applied 
material was bound by the insoluble plant proteins. This was freed 
by acid hydrolysis (Meikle et al., 1965). 

After spring wheat was grown on pre-treated soil, the main plant 
residue was the unchanged compound. In low levels, several metabolites 
were also present: 4-amino -6-hydroxy-3,5-dichloropicolinic acid, 
oxalic acid, lipids hydrolyzable to all three acids, and 4-amino-3,5,6- 


trichloropyridine (Redemann et al., 1965). 
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Toxaphene 


Very little information is available about the metabolism of 
toxaphene. Using bioassay methods, it was found that resistant flies 
could metabolize 4.0 mcg of toxaphene from an absorbed dose of 5.4 mcg. 

No metabolites were identified. 

Toxaphene is stored unchanged in fatty tissue of treated animals. 
Infrared shows presence of all absorption bands exhibited by toxaphene. 
Comparative bioassay and total chlorine showed that total organic chloride 
in fatty tissue has about same toxicity to flies as an equivalent amount 


of toxaphene (Diephus and Dunn, 1949). 


Triazines 


Chlorinated: Simazine, Atrazine, Propazine, Ipazine 


‘ 


Mercapto: Prometryne 


Since chlorosis is the first sign of the effect of triazines on 
plants, interference with co, assimilation and sugar formation can be 
expected, Studies showing that the Hill reaction is inhibited confirmed 
this. 


Simazine (2-Chloro-4,6-bis[ethylamino] -S-triazine) 


Work with labeled simazine has shown that a wide variety of 
plants, resistant and nonresistant, metabolize this material 


(Foy and Castelfranco, 1960; Foy, 1961c; Sheets, 1961). Using ring- 
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labeled simazine-c!4, it was found that field corn (Zea mays) 
produced little (about 2%) cl4o, (Davis et al., 1959a, b; Foy, 
1960) whereas in sweet corn the rate of decomposition to cl4o,, 
was high (Ragab and McCollum, 1961). 

Other studies have demonstrated the formation in plants of 
2-hydroxy-4, 6-bis(ethylamino) -S-triazine from simazine (Roth, 
1957; Montgomery and Freed, 1959, 1960, 1961, 1964; Gysin, 1960a, 
b, 1962; Anon, 1961; Castelfranco et al., 196la, b; Hamilton and 
Moreland, 1962, Funderburk and Davis, 1963; Plaisted and Thornton, 
1964). 

A cyclic hydroxamate was postulated as the responsible agent 
in the metabolism of triazines by plants and a mechanism was pro- 
posed. This was confirmed with the isolation of 2,4-dihydroxy- 
7-methoxy-1,4-benzoxazin-3-one from Zea mays and the demonstration 
that it can convert simazine to its hydroxy analog (Roth and Knuesl1li, 
1961; Castelfranco et al., 196la, 1962; Hamilton et al., 1962). 

Studies have shown that many soil microorganisms metabolize 
simazine (Montgomery, 1958; Pochon et al., 1960; Guillemat et al., 
1960a, b; Ragab and McCollum, 1961; Kaufman et al., 1963; Farmer 
et al., 1965). One of the major metabolites has been identified as 
hydroxysimazine (Harris, 1965). The soil fungus Aspergillus fumi- 
gatus, however, attacked the side chain only of simazine (Kaufman 
et al., 1965). Degradation proceded via dealkylation, deamination, 
or both, and hydroxysimazine was not an intermediate. A major 
metabolite has been identified as 2-chloro-4-amino-6-ethylamino- 


S-triazine (Kearney et al., 1965). 
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Although the path is not known, it has also been shown that 
some soil microorganisms can open the triazine ring and degrade it 
to CO (Montgomery, 1958; Pochon et al., 1960; Guillemat et al., 
1960a, b; Ragab and McCollum, 1961). Fungi metabolized the side 
chains but did not open the ring to any appreciable extent (Couch 


et al.,1965). 


Atrazine (2-Chloro-4-ethylamino-6-isopropylamino-S-triazine) 

cl4-atrazine was applied to susceptible and resistant plants. 
These studies showed that all test plants converted some atrazine 
to hydroxyatrazine and that the amount was related somewhat to 
resistance (Freed and Montgomery, 1962; Roberts et al., 1964; 
Negi et al., 1964a, b). Degradation of cl4-ring-labeled atrazine 
to cho, is not a significant process in plants (Davis et al., 1965). 
Hydroxyatrazine was also metabolized readily by oats (Freed and 
Montgomery, 1962). 

cl4o, production from ring-labeled atrazine by microorganisms 


has been observed (Davis et al., 1965). The fungus, F. roseum, 


metabolized atrazine to hydroxyatrazine (Couch et al., 1965). 
Propazine(2-Chloro-4, 6-bis[isopropylamino] -S-triazine) 


Propazine-c!4 was metabolized by cane (Sorghum vulgare L.) 


but not by oats (Avena) (Foy, 1960, 1962b, c). 
Ipazine (2-Chloro-4-diethylamino-6-isopropylamino-S-triazine) 


Cotton did not extensively degrade the triazine ring of cl4- 
labeled ipazine. Evolution of cl4o, from culture solutions was 


not observed; however, cl4o, evolution when the soil was treated, 
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indicated the role of soil microorganisms in ipazine degradation. 
Some hydroxyipazine was found but this did not constitute the major 


degradation product (Hamilton and Moreland, 1963). 
Prometryne (2-Methylmercapto-4, 6-bis[i-propylamino] -S-triazine) 


When cotton plants were treated with cl4-labeled prometryne, 
labeled material accumulated in roots, stems, leaves, and lysigenous 
glands but no cl4o, was detected. Plants grown in solution culture 
did not give rise to hydroxypropazine. However, this compound 
was found in plants grown in soil (Whitenberg, 1965). Some soil 
microorganisms appear to degrade prometryne by oxidation of the 


methylmercapto group to a sulfoxide or sulfone (Gysin, 1962). 


A labeled triazine analog was administered to male Swiss albino 
rats. Analysis of plasma and urine by paper chromatography showed 
that only the 6-hydroxy derivative was formed (Angelucci et al., 


1965). 


Adsorption of simazine and atrazine by soil fits the 


Freundlich equation a=kc"™, wherein 


a = amount solute adsorbed 
c 


= conc. of solution 
k =f/constants for the 
n =} adsorbent and adsorbate 


(Talbert and Fletchall, 1965). 


163 


H H 
Co Hs -N- at es. CoHs5- 2a oe 
ee eee 
Ww Ra et 


1 Cl *2Z 


Simazine 


CoHs5- A. 


‘y i- -CoHs Ba 7 =N-C = 
yt Cols . 


COy + 1 Compounds 


—_ 


Z = Cyclic Hydroxamate 


CH30- OH 


be 


2,4-Dihydroxy-7 -methoxy-1,4-benoxazin-3-one 


164 


CoH5 CoH5 
Simazine 
Plants 
Soils 
4 H 
KA n~ N 
| yu HyN- SA don 
C ” = ‘“ N 
24s 5 o"5 


CH3 
Prometryne H N ; 
7 
CH3 ae 1" f¥3 
~ 
Pe: | H 
CHS N Ny TCH 
dus 


165 


2,3,6-Trichlorobenzoic Acid 


Compared to most herbicides, 2,3,6-trichlorobenzoic acid has been 
found to be much more stable in soil (Dewey, 1959; Phillips, 1959). 
Studies with biologically active soil showed that this material was 
degraded with release of inorganic chloride. No intermediates were 
identified (Dewey, 1962). 

When fed to rabbits and mice, 17.6% and 2.7%, respectively, of the 
2,3,6-trichlorobenzoic acid fed was excreted (Balayannis et al., 1965a). 
Studies with other benzoic acids have shown that, when fed to animals, 
they are excreted in urine either unchanged or as conjugates of glycine 


and glucuronic acid (Williams, 1959; Hildebrandt, 1903; Novello et al., 1926). 


Trichlorophenoxyacetic Acids 
2,4;,;5-T = 2,4,5-Trichlorophenoxyacetic acid 


2,4,6-T = 2,4,6-Trichlorophenoxyacetic acid 


Studies showed that 2,4,5-T was decarboxylated by woody plants 
(Basler, 1964). 

After exposure of the oat Avena sativa to 2,4,6-T, hydroxylation 
occurred at the 3-position and a glucoside was isolated and identified 


(Thomas et al., 1964b). 
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Trithion (0,0-Diethyl S(p-chlorophenyithio)methyl phosphorodithioate) 


The oxidative metabolism of trithion was studied on field-growing 
lettuce. Samples were removed at various times after spraying and 
analyzed. Results indicated that the principal route of oxidation involved 
thioether oxidation to form the sulfoxide and then the sulfone. This was 
followed by phosphorothionate oxidation to form the thiolphosphate sulfone 


(Coffin, 1964a). 
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Trolene (Ronnel) (0,0-Dimethyl O-{2,4,5-trichlorophenyl] phosphoro- 
thioate) 

After administration of radioactive trolene, the highest levels of 
trolene and its derivatives in all tissues were reached after 12 hours. 
Equilibration was reached after about 12 days. Residues persisting 7 
days after oral administration were similar to trolene and its oxygen 
analog. The tissues in order of decreasing persistence of trolene and 
metabolites were those of: liver, kidney, spleen, subcutaneous and 
mesenteric fat, heart, brain. 
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Trolene and its oxygen analog were hydrolyzed in rats and excreted 
in the urine initially as phenyl phosphoric and phosphorothioic acids. 
These decreased progressively while excretion of dimethyl phosphoric 
acid increased. 

When labeled trolene was fed to cows, the highest levels appeared 
in the fat, kidneys, and lungs. Fractionation of brain phospholipids 
showed some radioactivity in the lecithin-cephalin and sphingomyelin 
fractions. The peak level in the urine occurred from 18 to 32 hours 
after treatment. The predominant metabolite in the urine was identified 
as O-methyl-O-hydrogen 0-(2,4,5-trichlorophenyl) phosphorothioate. In 
rumen fluid, trolene was hydrolyzed to yield phenyl phosphoric acids. 
Some dimethyl phosphoric and phosphorothioic acids were also produced. 
Application of trolene to houseflies showed that the primary site of 
hydrolysis was at the phosphorus-oxygen-methyl bond as in rumen fluid 
(Plapp and Casida, 1958a). 

Decomposition of trolene is normally base-catalyzed. When clays 
treated at elevated temperatures were used as carriers, a new type of 
decomposition occurred. After treatment at 950°C, all OH” is gone and 
the clay becomes a mixture of oxides. The decomposition product becomes 


one of molecular rearrangement (Rosenfield and Rosenfield, 1965). 


168 


ice 
at 


Cl 
Cl 


Cl 


Clay 


a? ©) 


j 
CH30-F-O8 CH30-# (OCHS 


| OH 
Cl 
—— > HO- i OCH 
rat -( C 3)9 + C 


Cl Cl 


Trolene 


cx0-b-on CH,0- -OCH, 


O-'v=O 


1 Ci 0 | coal 
tl 
Sea ———> HO-P-(0CH3) 5: 


+ 


Cl 1 1 


H3P0, 


Phospholipids 
and 
Phosphoproteins 


169 


TID (Disulfiram) (Tetraethylthiuram disulfide) 


Plant tissues transformed N,N-dialkyldithiocarbamates into the 
corresponding glucosides (Kaslander et al., 1961) and alanine deriv- 
atives (Kaslander et al., 1962). By contrast, microorganisms produced 
aminobutyric acid derivatives (Sijpesteijn, 1962). 

In animals, enzymes converted TID to diethyldithiocarbamate, which 
in turn decomposed to CS5 (Johnston and Prickett, 1952; Prickett and 
Laug, 1953; Fischer, 1963). In man CS) was expired for 4-5 hours after 
treatment and about 50% of the administered TID was recovered as CS» 
(Merlevede and Casier, 1961). Ninety percent of an §39-labeled dose 
was absorbed from the intestinal tract and 10% was excreted in the feces. 
Analysis of urine indicated that about 65% of the sulfur was oxidized to 
sulfate and about 6% was recovered in the organic sulfur fraction 
(Eldjarn, 1950). Excretion of unchanged TTD in urine is practically 
nil (Domar et al., 1949; Linderholm and Berg, 1951); however small amounts 
of both changed and reduced TTD were recovered from urine (Eldjarn, 1950). 
The reduced form, diethyldithiocarbamic acid, has been detected in blood 
corpuscles and in alkaline urine but not in plasma (Linderholm and Berg, 
1951). Recently, N,N-diethylthiocarbamoyl -1-thio-6-glucopyranosiduronic 
acid was isolated from the combined urine of four men given oral doses of 
TTD. Identification followed paper chromatography, isolation, infrared 
analysis and comparison of the melting points of the isolated and synthetic 
triacetyl methyl esters (Kaslander, 1963). 


35 


Using S”~~-labeled material, a significant amount of the s35 was 


found attached to the serum proteins and to the soluble proteins of Liver 
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(Stromme, 1965a). The greater part of this radioactivity was liberated 
by the addition of glutathione and the product was identified as diethyl- 
dithiocarbamate (Stromme, 1964, 1965b). In vitro studies also showed that 
TID reacted with glutathione (Johnston, 1953). 

Using rats, 535-1abeled TTD was administered intraperitoneally. The 
unchanged material was never detected in plasma, liver, or urine. Sulfate, 
CS7, the S-glucuronide of diethyldithiocarbamate, and traces of the free 


thiol were found in the urine. In addition to these metabolites, there 


were protein bound mixed disulfides in the plasma and liver (Strome, 


1965a, b). 
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Uracil Herbicides | 


Uracil herbicides do not interfere with pyrimidine metabolism. In- 
stead they appear to act as strong inhibitors of the photochemical reac- 


tion of isolated chloroplasts [the Hill reaction] (Hilton et al., 1964). 


Ureas 

Monuron (3-[{p-Chlorophenyl]-1,1-dimethylurea) 

Fenuron (3-phenyl-1,1-dimethylurea) 

Diuron (3-[3,4-Dichlorophenyl]-1,1-dimethylurea) 

Ureas were inactivated by the action of ultraviolet light (Welker 
and Holm, 1959; Weldon and Timmons, 1961; Jordon et al., 1964a, b) and by 
reaction with FMN in plants (Sweetser, 1963). After exposure of N'-(4- 
chlorophenoxy) -phenyl-N,N-dimethylurea to ultraviolet radiations thin- 
layer chromatography revealed small amounts of the mono- and demethylated 
derivatives (Geissbuhler et al., 1963b). 

Degradation by soil microorganisms apparently appeared to be the pri- 
mary cause for disappearance of the urea herbicides (Hill et al., 1955; 
Reid, 1960). Some studies showed that ureas were demethylated step-wise 
and degraded to the aniline derivative (Rahn and Baynard, 1958; Geiss- 
buhler et al., 1963b; Dalton et al., 1965; Borner, 1965). 

Zea mays, Vicia faba, Phaseolus vulgaris, Galinsoga parviflora, and 
Polygonum convolvulus were exposed to labeled N'-(4-chlorophenoxy) -phenyl- 
N,N-dimethylurea. After column and thin-layer chromatography, N'-(4- 


chlorophenoxy)-pheny1-N-methylurea and N'-(4-chlorophenoxy)-phenylurea were 


identified by infra red. Evolution of labeled CO5 was observed, indicating 


metabolism to the p-chlorophenoxy-p'-aminobenzene. Using column chroma- 


tography, a compound was eluted on the position of N,N'-bis(4,4'chloro- 


phenoxy)urea (Geissbuhler et al., 1963b). 
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VC-13 (0-[2,4-Dichlorophenyl]0,0-diethyl phosphorothioate) 


Studies have shown that non-hydrolyzed VC-13 residues were greatest 
in fat and fatty tissues of the body and that free 2,4-dichlorophenol, a 
hydrolysis product of VC-13, occurred primarily in the kidney and liver 
(Younger et al., 1962). Residues were at a maximum at 7 days after expo- 
sure; declined gradually; and were eliminated in 6 weeks by cattle and in 8 
weeks by sheep and goats (Younger et al., 1962). Cattle were sprayed with 


and sheep and goats were dipped in solutions with the desired concentrations. 


Cl Cl 
it 


Cl- -O-P-(0C5Hs) 5 ™ Cl- OH 
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Zectran (4-dimethylamino-3,5-xylyl methylcarbamate) 


The metabolism of zectran was studied by feeding labeled material to 
a male beagle dog. Urine was collected and fractionated and metabolites 
isolated and identified by chromatography. Sulfates and glucuronides were 
present in the urine as water soluble conjugates of 4-dimethylamino-3,5- 
xylenol and 2,6-dimethylhydroquinone. Three other materials were not iden- 
tified. 

When applied to broccoli, in addition to 4-dimethylamino-3,5-xylenol 
and 2,6-dimethylhydroquinone, 2,6-dimethyl-p-benzoquinone and 4-dimethyl- 
amino-3,5-dimethyl-o-benzoquinone were also found. Examination of methanol 
insoluble material indicated incorporation of zectran into the lignin where 
it probably is permanently stored (Williams et al., 1964a, b). 

UV irradiation of zectran solutions affects zectran; however, no prod- 


ucts have been identified (Crosby et al., 1965; Eberle and Gunther, 1965). 
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Zinophos (0,0-diethyl O-2-pyrazinyl phosphorothioate) 


Information available indicates that the hydrolytic product 2-pyra- 
zinol is rapidly metabolized to smaller fragments (Kiigemagi and Terriere, 


1963). 
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APPENDIX 1 


PHYSICAL CONSTANTS OF SOME ORGANOPHOSPHATE COMPOUNDS* 


Kt = In _£0 Where C, = Initial concentration and 
C C = Concentration at time "t". 


This then reduces to the following for the half-life: 


=> 1 
txo res In 2 
=) 0.693 
oe aaa ame 


Because of the low solubility of preparations of the "E-605" 
group, the experiments in these cases were conducted in 20% aqueous 
methanol at 70°C. At 40°C some of the substances give precipitates, 


so that the measurements were uncertain. 


COMPOUND Half-Life 70° [ HRS. ] 
E-605 (IV) 64 
Methyl-E-605 (XVIIT) 13° 
ITsochlorthion (XxX) 9 
Chlorthion (XIX) 7.3 

PREP. S 133 (XXTI) 5.5 


*Muhlman and Schrader, 1957. 
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COMPOUND 


1. E 605 Series 


E 605 (CIV) 


Methyl-E 605 (XVIII) 


Chlorthion (XIX) 


Isochlorthion (XX) 


S 133 (XXI) 


E 600 (T) 


Prep. S 776 (XXII) 


2. Systox Series 


PO-Systox (VII) 


PO-Systox-sulfoxide (XXIII) 


PO-Systox-sulfone (XVII) 


PO-Methylsystox (VIII) 


Table I 


FORMULA 


5 OCoH 
il 205 
NO>-{")-0-% 


ry, OCH3 


or€}o 
2° “SocH, 
S OCH 
won Koes 
OCH3 


Cl 


S OCH 
"W 3 

C1- 0-Pe 
OCH, 


NO2 
Ors 


‘oc, 


Cl 
NO? 


NO» q p-0-% 
CH - SO» & )-0-F 


ry OCoHs 
‘0CoHs 


Pees 


‘OCH, 


0 
OC> Hs 


N ,OC2Hs 
CyH,SO-CH, -CH, -S-PK 
OC>Hs 


8 AC2Hs 
CyH5S09 - CH» -CHy - -S- BC 


00, He 


Q OCH; 
CpHsS-CHp-CHy-S-R 
3 
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MP. 
[°c] 


35 


21 


82 


BP, 
[mm] [°C] 
O.1 122 
0.1 119 
0.1 125 
0.1 118 
0.2 132 
0.1 118 
0.8 120 
0.15 144 
0.7 112 


COMPOUND | 


Table I (continued) 


FORMULA 


PO-Methylsystox-sulfoxide (XXIV) Cy H5SO0-CHy -CH2-S 


PO-Methylsystox-sulfone (XXV) 


Prep. S 481 (XXVI) 


Prep. S 410 (XXVII) 


Prep. S 404 (XXVIIT) 


Disyston (XI) 


3. Guthion Series 


Guthion (IX) 


PO-Guthion (XXIX) 


4. Dipterex Series 


Dipterex (XIIT) 


DDVP (II) 


C9 Hs S09 -CH -CH2 - 


0 
' 


Wy 


Q OCH; 
“PY 
OCH3 


5 OP 


Cy Hs S-CH, -CH-S-Bv 


CH3 


C9H5S0-CH2 -CH-S- 


CH3 


C,H, 80, -CH, -CH-S 
H3 


C5H5S-CHy -CHy -S- 


N-CH, -S- 


NA 


0 


~CH, -S- 


a 


0 

OCHS 

CCl 3 -CH-FC 
by ‘OCHS 


PCH, 


cc1y=cH-0-8 
Soci, 
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i Ppcu3 


CH, 


tn PCH3 
-P 
‘ocH, 


yC2H5 


‘\ 
OCjH. 


S 

OCH 

KR 
OCH, 


0 
I PCH3 
\0CH3 





60 


74 


83 


83 


B.P, 


=e 


[mm] [°C] 


0.01 106 


0.12 144 


-0.01 83 


0.01 114 


0.2 103 


0.1 100 
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Table II. The hydrolysis constant is in K-100(h7}). 
In parenthesis, the half-life in days. All measurements were made at pH 1-5 where 
the compounds exhibit greatest stability. At this pH the solution had minimal 
effects on hydrolysis. 











COMPOUND 0° 10° 20° 30° 40° 50° 60° 70° eat 

K200 

E 600 (I) 0.00054 0.0024 0.009 0.031 0.10 0.30 0,90 2.4 3.45 

| (5350) (1200) = (320) (93) (29) (9.6) (3.2) (1.2) 

E 605 (IV) 0.00021 0.00096 0.0042 0.016 0.058 0.19 0.61 1.76 3.80 
(13800) (3000) (690) = (180) (50) (15) (4.75) (1.65) 

Prep. S 776 (XXII) 0.00054 0.0024 0.009 0.031 0.10 0.30 0.90 2.4 3.45 

(5350) (1200) — (320) (93) (29) (9.6) (3.2) (1.2) 

PO-Systox (VII) 0.0005 0.003 0.014 0.054 0.185 0.64 2.24 5.91 3.85 
(5800) (960) (206) (54) (15.6) (4.5) (1.29) (0.49) 

PO-Systox-sul foxide 0.00018 0.00085 0.0037 0.014 0.051 0.16 0.58 1.48 3.80 
(XXIII) (16000) (3400) (780) = (206) (57) (18) (5.0) (1.95) 

PO-Systox-sulfone (XVII) 0.00018 0.00085 0.0037 0.014 0.050 0.16 0.55 1.49 3.80 
(16000) (3400) (780) (206) (57) (18) (5.0) (1.94) 

PO-Methylsystox (VIII) 0.002 0.008 0.033 0.122 0.385 1.42 4.5 14.2 3.70 
(1450) (360) (88) (25.8) (7.5) (2.03) (0.65) (0.204) 

PO-Methylsystox- 0.0006 0.003 0.0122 0.047 0,16 0.56 1.75 4.75 3.85 
sulfoxide (XXIV) (4800) (970) (236) (61.7) (18) (5.2) (1.65) (0.61) 

PO-Methylsystox-sulfone 0.0006 0.003 0.012 0.047 0.16 0.56 2.17 4.75 3.85 
(XXV) (4800) (970) (236) (61.7) (17) (5.2) (1.33) (0.61) 

Prep. S 481 (XXVI) 0.2 0.6 1.60 4.08 9.86 2.55 

(14.5) (4.8) (1.8) (0.71) (0.293) 
Prep. S 410 (XXVII) 0.00055 0.0027 0.012 0.045 0.162 0.53 1.53 3.94 3.75 


(5200) (1070) (240) (63) (18) (5.5) (1.9) 


OLZ 


The hydrolysis constant is in K-100(h7!). 


Table ITI. 
In parenthesis, the half-life in days. All measurements were made at pH 1-5 where 
the compounds exhibit greatest stability. At this pH the solution had minimal 
effects on hydrolysis (continued) 
COMPOUND 0° 10° 20° 30° 40° 50° 60° 70° 
Prep. S 404 (XXVIII) 0.00055 0.0027 0.0125 0.047 0.170 0.53 1.53 4.91 
(5200) (1070) (240) (63) (18) (5.5) (1.9) (0.59) 
Disyston (XT) 0.00012 0.0006 0.0026 0.010 0.037 0.12 0.37 1.06 
(23200) (4830) (1110) (290) (78) (24) (7.8) (2.7) 
Guthion (IX) 0.00055 0.0027 0.012 0.047 0.16 0.53 1.53 4.75 
(5200) (1070) (240) (61.5) (18) (5.46) (1.9) (0.61) 
PO-Guthion (XXIX) 0.002 0,008 0.035 0.13 0.45 1.45 4.93 13.8 
(1450) (360) (82.5) (22.2) (6.4) (2.0) (0.585) (0.21) 
Dipterex (XIII) 0.00025 0.0012 0.0055 0.0207 #£0.07 0.27 0.90 2.56 
(11600) (2400) (526) (140) (41) (10.7) (3.2) (1.13) 
DDVP (ITI) 0.0028 0.012 0.047 0.167 0.503 1.745 5.03 17.6 
(1030) (240) (61.5) (17.3) (5.8) (1.66) (0.58) (0.164) 
Chlorthion (XIX) 0.001 0.0048 0.021 0.08 0.286 0.95 2.93 8.34 
(2900) (600) (138) (36) (10) (3.0) (1) (0.35) 
Methyl-E 605 (XVIII) 0.0008 0.0038 0.0165 0.064 0.230 0.72 2.16 6.12 
(3600) (760) (175) (45) (12.5) (4.0) (1.34) (0.47) 
Thimet (XII) 0.014 0.08 0.4 1.83 7.14 S - = 
(200) (36) (7.2) (1.6) (0.4) = = = 


K30° 
K20° 


3.75 


3.75 


3.60 


4.6 


TLé 





Table III. Hydrolysis constant is in 1072K(h-1) at 70°c. 
In parentheses, the half-life in hours. 
COMPOUND n-HC1 pH=1 2 3 4 5 6 7 8 9 
E 600 (I) 7.36 3.77 3.06 3.00 2.85 2.85 3.87 6.0 725 33.5 
(9.4) (18.5) (22.7) (23) (24.4) (24.4) (18) (11.5) (9.2) (2.1) 
E 605 (IV) 1.84 2.05 2.55 3.28 3.97 3.56 5.36 8.86 16.7 25.2 
(37.7) (34) (27) (21) (17.5) (19.5) (13) (7.8) (4.1) (2.7) 
Prep. S 776 8.38 3.56 S11 3.06 3. 36 3.56 4.48 8.0 8.17 25.6 
(XXII) (8.3) (19.5) (22.3) (22.6) (20.6) (19.5) (15.5) (8.7) (8.5) (2.7) 
PO-Systox (VII) 0.6 2.49 5.69 6.79 6.85 7.16 7.30 8.13 8.18 16.3 
(115) (28) (12) (10) (10) (10) (9.5) (8.5) (8.5) (4.2) 
PO-Systox~sul foxide 2.77 1.70 LA72 1.86 1.94 2.06 2.20 3.50 7.42 42.2 
(XXIIT) (25) (41) (40) (37) (36) (34) (32) (20) (9.3) (1.6) 
PO-Systox-sul fone 3.31 1.91 1.80 1.84 1.85 2.25 6.51 69.5 188 - 
(XVII) (20) (36) (39) (38) (38) (31) (10.6) (1) (0.37) - 
PO-Methylsystox 8.7 13.3 13.7 V4.2 14.1 16.2 18.2 19.8 20.3 55.5 
(VIIT) (8) (5.2) (5) (4.9) (4.9) (4.3) (3.8) (3.5) (3.4) (1.25) 
PO-Methylsystox- 13.5 5.6 5.7 5.6 5.7 4.5 5.6 11.0 26.1 140.5 
sulfoxide (XXIV) (5.1) (12.4) = (12.2) (12.4) (12.2) (15.4) (12.4) (6.3) (2.65) (0.5) 
PO-Methylsystox- 20.1 7.35 6.45 6.45 7.4 6.45 13.6 72.3 162 - 
sulfone (XXV) (3.4) (9.5) (10.7) (10.8) (9.4) (10.7) (5.1) (0.96) (0.42) - 
Prep. S 481 - 132 156 155 158 234 224 246 ~ - 
(XXVI) ~ (0.52) (0.44) (0.45) (0.44) (0.3) (0.31) (0.28) - - 
Prep. S 410 13.5 6.83 6.72 6.93 7.25 6.60 7.04 11.9 23.1 138.5 
(XXVIT) (4.5) (10.0) (10.3) (10.0) (9.5) (10.5) (9.8) (5.8) (3.0) (0.5) 
Prep. S$ 404 18.4 6.93 6.51 6.51 125 6.09 8.12 25.0 77.6 - 
(XXVIII) (3.8) (10.0) (10.6) (10.6) (9.5) (11.4) (8.5) (2.8) (0.9) - 


ZL¢ 


Table III. Hydrolysis constant is in 1072K(h71) at 70°C. 


In parentheses, the half-life in hours (continued) 








COMPOUND n-HC1 pH=1 2 3 4 5 7 8 9 
Disyston (XI) 2.88 1.11 1.11 1.10 1.11 1.16 1.56 © 2.50 3.22 9.61 
(24) (62) (62) = (62) (62) (60) (44) (27.6) (21.5) (7.2) 

Guthion (IX) 8.95 2.92 5.11 7.72 9.68 7.80 9.26 14.5 29.3 117 
| (7.75) (24) (13.5) (9) (7.2) (8.9) (7.5) (4.8) (2.4) (0.6) 

PO-Guthion 30.5 15.4 15.2 15.4 17.3 15.9 17.4 32.8 76.0 - 

(XXIX) (2.27) (4.5) (4.5) (4.5) (4.0) (4.4) (4.0) (2.1) (0. 88) - 
Dipterex (XIII) 6.2 2.15 2.02 2.09 2.60 4.54 22.8 100 111 693 
(11.2) (32) (34) (33) (26.6) (15.3) -(3.0) (0.7) (0.6) (0.1) 

DDVP (ITI) 111 29.6 20.5 20.3 22.9 24.8 48.7 152 - - 

(0.6 (2.3) (3.4) (3.4) (3.0) (2.8) (1.4) (0.45) - 7 

Chlorthion ( XIX) 0.035 0.06 0.08 0.10 0.11 0.13 0.15 0.19 0.48 - 

(20) (11.6) (8.7) (6.9) (6.1) (5.3) (4.6) (3.6) (1.4) - 
Methyl-E 605 0.022 0.045 0.058 0.062 0.063 0.065 0.069 0.10 0.26 0.45 
(XVIIT) (31) (15.4) (12.0) (11.2) (11.0) (10.7) (10.0) (6.9) (2.7) 1.5 


APPENDIX 2 
CALCULATIONS FOR 
ADSORPTION AND LEACHING OF HERBICIDES 


Adsorption 


Adsorption of a compound can be measured in a system of fixed 
soil-solution ratio and varying herbicide concentration. This may 
be plotted in terms of the empirical isothermal Freundlich relation- 
ship = = KC" on a logXlog scale. The slope of the line then rep- 
resents n. From plots of this type, the total amount of herbicide 
to be applied may be calculated. Calculations show that the con- 
centration of herbicide to be applied, expressed in kg/ha, is 
roughly equal to ide soil concentration ae the 1 ppm level. 


This rule of thumb applies to soils having a high moisture level 


(Geissbuhler et al., 1963). 


x = xc? 
m 


x Y chemical 

m- g soil = concentration of chemical fixed on soil 
y chemical 

Cc = ——— = concentration of chemical in solution 
ml water 

K = constant 

n = slope of line 
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Leaching 


The rate of diffusion of herbicides may be calculated from 


Fick's diffusion equation: 





mass of herbicide 

diffusion coefficient 

surface area of herbicide 

solubility of herbicide in water 

final concentration of dissolved herbicide 
thickness of diffusion layer 


time in seconds 
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